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EDITORIAL 


The first volume completed, it seems justified both to look back briefly and to discuss 
the forseeable future. 


SCIENCE AND ENGINEERING 


The contributions in Vol. r, ranging from mathematical to chemical analysis, indi- 
cate the variety of tools used in a study of friction, lubrication and wear processes. 
How can such new information be used efficiently by the engineer? Opinions are 
divided on this point. A leading German technologist describes recent fundamental 
research on friction as ‘‘stark entartet’’. Indeed, one can not readily claim a direct 
profit gained by the designer from, say, a particular study on the chemistry of bound- 
ary friction. On the other hand, recent trends in surface treatment and finishing 
operations, resulting in improved surfaces at a reasonable price, are an advantage in 
engineering owing to the vastly increased knowledge on the role of boundary layers 
in dry friction. Mathematical analysis of (marginal) hydrodynamic lubrication is 
somewhat nearer to engineering concepts than physico-chemical reasdning. The 
potential practical value of such concepts is shown by two notable contributions from 
Russian workers in this volume. 

Within the last r2 months more than 300 papers concerned oly with wear of machin- 
ery were read at the London and Moscow conferences, and at a number of smaller 
gatherings all over the world. Cross-fertilisation of apparently unrelated branches 
of science and technology was, no doubt, one of the aims pursued in the discussions. 
It is suggested that this Journal should and can fulfil permanently a function equivalent 
to those of specialist’s ‘‘sessions” and of ‘‘general meetings’’. 

However, the scope of wear technology is by no means limited to bearings, gears 
and other machine parts. A communication from Dunlop’s Research Centre in this 
volume opens new vistas on the application of technical physics to modern tyre- 
making. Of primary importance to all who are concerned with the wear of rubbers, 
fibres, tyres, cars and roads, the paper should likewise stimulate new ideas on wear 
control in other fields of locomotion. 

New methods are used in rock drilling and excavation operations. Such progress is 
essentially due to a proper understanding of the wear factors involved. It is hoped 
that the promised surveys of specialists will reach us in time for publication in this 
volume. 

Ten years ago the need of improved wear resistance of textiles and shoes was fre- 
quently discussed. Such problems are of some concern to manufacturers of, for in- 
stance, carpets, ‘‘non-iron”’ shirts, and heels, but improvement in quality will have little 
influence on the general standard of living. What really matters now is an engineering 
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problem: a substantial reduction in costs of mass production. Tool wear can be an 
essential cost factor, therefore the life of cutting tools will be discussed in a number of 
contributions to this volume. 


GERONTOLOGY 


Wear research is somewhat akin to gerontology, at least from a philosopher’s point 
of view. The same purpose is pursued in both branches of applied science: lengthening 
the useful span of life. Already the whole arsenal of research tools is put to work in an 
endeavour to retard undesirable biological deterioration. While all phases of life have 
to be followed in retrospect, it is frequently found that the origin of ultimate failure 
was present already in the embryo. 

Wear research is dealing with centenarians, e.g. textile machines, and short-lived 
implements, e.g. tool bits. Here, as in the biological analogue, it is being gradually rea- 
lised that research cannot be restricted to ‘‘death certificates’. Tracing the origins of 
excessive wear sometimes needs approaches which appear prima facié unrelated to 
wear problems. 


EDITORIAL POLICY 


Some practical problems warrant comment. Slight differences in style and arrange- 
ment of papers are unavoidable when groupings with widely different traditions in 
scientific publishing meet. 

The ‘‘B Section” on Literature and Current Events is still in an experimental phase. 
More emphasis will be laid on authors’ abstracts relevant to topics of original contribu- 
tions in the same issue. 

The matter of preprinting, simultaneous publishing and reprinting of papers is a 
difficult one. ‘“‘Wear land” is crossed by many tracks; therefore surveys are considered 
as being of equal importance to the general reader as specialised research reports. But 
lecturers are frequently under some obligation to publish first in Journals with either 
professionally- or geographically-limited circulation. This justifies the inclusion of a 
small number of contributions which are not published exclusively in Wear. 

In this volume we shall publish also one classical paper, still much in demand but 
inaccessible to most readers. On republication it will be brought up to date by the 
author. 

Use of the metric system, wherever possible, is advocated. Editorial policy has to 
be flexible, since elaborate drawings originally prepared in English units for a lecture 
will not be readily redrawn by the author. Our zeal for the metric system finds support 
from recent official statements in Britain. 


THE LANGUAGE BARRIER 
Translation is rather a serious obstacle. Several papers have had to be more or less 
rewritten, a burden which cannot be carried in the long run by the staff of the publish- 
ers. Translation of engineering terms sometimes produces unsurmountable diffi- 
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culties, even within the narrow limits of the three languages of this Journal and some 
other related European languages. Technical dictionaries are practically out of date 
before they are printed. Their inadequacy is not a purely semantic problem. Progress 
continuously produces new technical terms; they are coined idiomatically rather than 
logically. As progress nucleates within the boundaries of professional and geographic 
groupings, translation of the esoteric meaning of such expressions may depend on 
corresponding developments in other countries. To avoid undue delay in publication, 
occasional inaccuracy, or harshness in translations, has to be accepted as inevitable. 

A recent UNESCO survey! suggests a gross average of 12% as the contribution in 
Russian to technical world literature. But an estimate based on papers abstracted in 
Vol. 1 of this Journal leads to a much higher figure, viz. 25 + 5% annual contribution 
from the U.S.S.R., for the field of wear research. In other words, in order to get a 
representative cross section of international progress we should need to have in each 
volume about 12 papers originally written in Russian. 

The few papers received from Soviet scientists up to now, mostly written in excellent 
English, are certainly a token of goodwill. However, it is physically impossible for any 
national group to have all their primary contributions to science translated into a 
second language. Institutions and Agencies having at their disposal reliable English, 
French or German translations of recent Russian literature concerning wear, are 
invited to make such reports available to our readers. 


G. SALOMON 
Delft, August 1958 


1 Unesco: Scientific and technical translating and other aspects of the language problem. 
Published by UNESCO, 19 Ave Kléber, Paris; 2nd ed. Febr. 1958; 282 pp. 
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THE EFFECT OF SIZE ON THE LOOSENESS OF WEAR FRAGMENTS 


ERNEST RABINOWICZ 


Lubrication Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts (U.S.A.) 


SUMMARY 


Whether a fragment transferred during sliding comes off as a loose wear particle is shown to 
depend on whether its elastic energy exceeds the surface energy at its point of attachment. Calcula- 
tions show that, for an equiaxed fragment, there is a critical size, such that smaller fragments 
remain adherent while larger fragments come off in loose form. Experimental support for this 
critical size concept is cited. The material parameters involved are such that smaller fragments are 
formed with hard metals than with soft metals, thus explaining the better surface finish during 
sliding observed with the former. 


ZUSAMMENFASSUNG 


Einfluss dey Teilchengrésse auf die Haftfestigkeit von Abriebtriimmern: Ein Teilchen, das zuerst 
wahrend des Gleitens auf die Kontraflache iibertragen wurde, kann von dieser Oberflache schliess- 
lich nur abgetrennt werden wenn die elastische Energie des Teilchens grésser ist als die Oberflachen- 
energie am Kontaktpunkt. Berechnungen fiir halbkugelférmige Teilchen zeigen, dass eine kritische 
Teilchengrésse besteht: kleinere Teilchen bleiben haften, nur gréssere Bruckstiicke vermégen sich 
abzulésen. Diese Vorstellung wird durch Versuche gestiitzt. Aus harten Metallen enstehen kleinere 
Triimmer als aus weichen und zwar wegen der Art der Materialkonstanten; dies erklart auch die 
bessere Oberflachenbeschaffenheit, die bei Gleitversuchen mit harten Metallen gefunden wurde. 


It is generally agreed that, during adhesive wear, fragments are pulled off one 
surface onto the other, and that subsequently many of them turn up as loose wear 
particles. This process involves an apparent contradiction}, since the initial production 
of the fragments presupposes a strong bond between the fragments and the surface 
onto which they are transferred, while the final loose particle formation, on the other 
hand, implies a weak bond. 

A number of plausible mechanisms have been suggested to overcome this difficulty. 
For example, it has been supposed that the adherent metal fragments become oxidised, 
and that it is the oxide rather than the original metal which adheres weakly and comes 
off loose?; or, alternatively, that the adherent fragments are sheared off through an 
abrasive wear mechanism, the other surface acting as the file’. It is the purpose of this 
paper to present a third, additional, mechanism which operates in some cases, and in 
which elastic energy of the fragments is involved. 

Taking a look at a fragment on the surface (Fig. 1), we see that, at the instant that 
it is formed in mating contact with the other surface, it is in a state of severe stress and 
References p. 8 
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eat allaen 


(a) (b) 


Fig. 1. Appearance of typical fragment (a) as formed under high stresses; (b) after other surface has 
moved on. Residual stresses remain to keep fragment and substrate in conformance. 


strain ; however, once the other surface has moved on, only residual stresses and strains 
remain. These arise from the need of the fragment and its substrate to continue to 
conform geometrically at their mating surface, and, while exact values are very diffi- 
cult to calculate, we are probably justified in making an order-of-magnitude guess 
that the total energy trapped in the system is 10° of the maximum possible energy 
of the fragment, 7.e. 


a aN (1) 


where oyp is the yield strength of the fragment material, its Young’s modulus, and 
V the fragment volume. 

Now if the fragment comes off loose from the surface, this energy will be released. 
However, before this can happen we must generate two freshsurfaces between fragment 
and flat, which requires energy of amount A lV where W’ is the work of adhesion of the 
system, and A the surface area. 

Thus the fragment will remain on the surface if the adhesive energy exceeds the 
elastic, and will come off loose if the elastic energy is greater. If, as in earlier work, we 
assume the fragment to have a hemispherical shape, then the condition for loose par- 
ticle formation will be 


I Oyp md® ma 
aees 
10 12 4 
or 
o EW 
dS (2) 
Fyp 


It is a characteristic feature of this analysis that large fragments will be more likely 
to come off than small fragments, since they have a larger ratio of volume to surface. 
Specifically, choosing a typical metal or alloy of medium hardness (like copper, brass 
or steel), with W = 2,000 ergs/cm?, o = 3-10° and E = 10!” dynes/cm?, we have for 
the critical diameter d, 


30 X 10! x 2000 


= 7 X 10-3 cm 
asioie 7 (3) 


de 


Since the average diameter of wear fragments of these metals is only of the order 
of 10-8cm, it is clear that only the largest fragments will tend to come off in loose form. 
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EXPERIMENTAL OBSERVATIONS OF PARTICLE SIZE 


There is a considerable amount of experimental evidence in support of the calcula- 
tions given above. Thus, in a test of steel sliding on steel, only the largest fragment 
formed (diameter 1210-8 cm) could be loosened from the surface to which it adhered 
by gentle mechanical treatment‘. Similarly, when steel is slid against tungsten carbide, 
it has been found that the tungsten carbide fragments initially transferred to the steel 
surface are small and tightly adherent, and that it is only after continued sliding that 
large fragments are formed®. These are in many cases easily loosened from their points 
of attachment. 

Also to be considered is the system zinc on zinc. If a zinc rider is slid on a zinc flat 
at elevated temperatures, we have found that zinc is transferred to the rider, gradually 
forming a large “blob” which eventually comes off as a loose particle. The size of these 
particles varies with the temperature of the sliding surfaces, as shown in Fig. 2. This 
then provides a convenient method of testing eqn. (2), since W for zinc is almost 
constant at 1500 ergs/cm?, while oy, and E vary over a wide range as the temperature 
is changed. 

Sliding tests were carried out at four temperatures, 100°C, 200°C, 300°C and 400°C, 
and the diameter of the particles formed in each case was measured. The average values 


Fig. 2. Loose zinc fragments formed when sliding zinc on zinc at elevated temperatures; load 800 g, 
speed 4 cm/sec. (a) Sliding temperature 100°C; (b) Sliding temperature 200°C; (c) Sliding 
temperature 300°C; (d) Sliding temperature 400°C. 
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of the diameters are shown in Table I, which also contains the corresponding values 


calculated from eqn. (2), using the strength properties of zinc at elevated temperatures 
as given in the literature. 


TABLE I 


Fragment diameter in cm 


Sliding temperature °C 


Observed Calculated 
100 20°1Om" 7s Owes 
200 50 25 
300 300 300 
400 800 2200 


The agreement is as close as might be expected. 

An analagous case of wear fragment growth and eventual loose particle formation 
is discussed by KERRIDGE AND LANCASTER® for the system brass on tool steel. Here; 
too, our postulated mechanism may explain why loose particles are formed only after 
considerable growth of the transferred fragments has occurred. 


DISCUSSION 


The mechanism of loose particle formation described above, in which elastic energy 
stored in the fragment is needed to overcome the work of adhesion between the frag- 
ment and the surface to which it is attached, seems to explain observed wear results 
both qualitatively and quantitatively. Consideration of the surface and bulk properties 
of solids suggests that this mechanism of fragment loosening may be expected to 
operate most effectively with hard non-metals, which have high strength parameters 
and comparatively low surface energies. For such materials only very small fragments 
could be expected to adhere strongly to other surfaces. 

With very hard metals, too, the critical diameters are small and this explains the 
good surface finishes commonly observed when hard metals are slid together. With 
soft metals, on the other hand, only very large fragments are likely to be detachable, 
and hence large scale smearing and surface distortion are to be expected. 

If we simplify eqn. (2) by assuming that the maximum elastic strain for metals has 
the constant value of 3-10~8, and that oy» is 1/3 the penetration hardness #, both being 
reasonable assumptions, we are lett with 


de = 30,000 W/p (4) 


The ratio W/p, being a measure of the ratio of the surface to the volume energies 
of a fragment or of an asperity, has been shown to govern also the galling tendency of 
sliding surfaces’, and seems to be an important parameter in determining various 
friction and wear properties of materials. 
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ON THE HYDRODYNAMIC THEORY OF LUBRICATION 
OF PAD-TYPE BEARINGS* 


I. A. KUNIN 


West Siberian Branch of the Academy of Science of the U.S.S.R., Novosibirsk (OCS. Sie) 


SUMMARY 


A bearing theory is suggested, which takes into account heat phenomena in the film and the 
effect of temperature on viscosity. An approximate method for the consistent solution of Reynolds’ 
equation and the energy equation is developed. Expressions are derived for all bearing-performance 
characteristics. On that basis a method of calculation is given which permits one to choose optimum 
parameters of the bearing and to analyse the effect of different factors on bearing characteristics. 


ZUSAMMENFASSUNG 
ZUR HYDRODYNAMISCHEN THEORIE DER SCHMIERUNG VON (DRUCK) LAGERN DES GLEITSCHUH TYPES 


Eine Theorie der Lager wird vorgeschlagen wobei die Warmeerscheinungen im Schmierfilm 
und der Einfluss der Temperatur auf die Viskositat beriicksichtigt werden. Ein Naherungsver- 
fahren fiir eine konsequente Lésung der Gleichung von Reynolds und fiir die Energie Gleichung 
wird entwickelt. Hierauf ist eine Berechnungsweise begriindet, welche sowohl die Auswahl der 
ginstigsten Parameter eines Lagers als auch eine Analyse des Einflusses verschiedener Faktoren 
auf die Eigenschaften eines Lagers erméglicht. 


INTRODUCTION 


The known thrust bearing theories!~® do not take into account or only partly con- 
sider some important factors such as heat phenomena in the film, the temperature 
effect on viscosity, the slope of the pad, the position of the pivot, the real shape of 
the pad, and others. In particular these theories cannot on principle explain the opera- 
tion of reversal thrust bearings with centrally pivoted pads. Besides, the methods of 
calculation based on these theories can be applied only to check the given design 
and they do not give any recommendations concerning optimum design parameters. 

It seemed desirable to develop a bearing theory which would consider the principal 
factors affecting the bearing operation. The theory must reveal the relation between 
the bearing performance and the bearing parameters. The relation must be presented 
in the most explicit form allowing the choice of optimum parameters of the bearing to 
be made. 

The author has made an attempt to develop a theory meeting these requirements. 
The object of the paper is to set forth the principal points of the theory. 


* Translated by the author from the original published in Russian: Akad. Nauk S.S.S.R., issue 
4-5 (1957) 128-137. Communication of the Eastern Branches of the Academy of Science, U.S.S.R. 
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NOMENCLATURE 


The following nomenclature is used in the paper. Some terms are shown diagram- 
matically in Fig. 1. 


hy = outlet or minimum film thickness, m 
h' = film thickness, m 
p’ = film pressure at 7,p, kg sec/m? 
uu’ == viscosity at 7,p, kg sec/m? 
4; = constant = viscosity at inlet edge, kg sec/m? 
t = temperature rise at 7,y, degrees C 
d = _ specific gravity, kg/m$ 
c = specific heat, kg/deg m? 
T = temperature constant of viscosity, degrees C 
t = dcT = heat constant of viscosity, kg/m? 
wo = angular velocity, radian/sec 
P = total load on bearing, kg 
bm =_ load per unit area of pad, kg/m? 
z = number of pads 
N = total power consumed in friction, kg.m/sec 
At = temperature rise, degrees C 
= 2uj0r,2 = coefficient, kg 
f =. coefficient of friction, dim 


Dimensionless variables 


= co-ordinate in direction of motion 
= co-ordinate in radial direction 

= film thickness 

pressure 

= viscosity 

= lubricant flow 


mRyr Re re 
| 


Dimensionless bearing characteristic coefficients and parameters 


a = - slope of pad surface 

H? = minimum film thickness 
II =_ load per unit area 

W = _ power loss 

© = _ temperature rise 

F = coefficient of friction 


(the above coefficients with a zero index correspond to an 
optimum slope of pad surface ap) 
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6 = viscosity decrease 

a@ = central angle of pad 

@ = central angle corresponding to film thickness maximum 
PE ATsiTs 

(ey — 


ratio of friction surface of pads to that of runner 


INITIAL EQUATIONS 


The film pressure distribution p’ for a sector-shaped pad shown diagrammatically 
in Fig. 1 is described by Reynolds’ equation 


R) h’3 Op’ f) ( h’3 ~ ies 2 Oh’ 
ela a7) ace wor ae op oC 


where h’ = h, (1+-ag/a) — film thickness, wu’ — viscosity, # — angular velocity. 
The boundary pressure condition: ~p’ = o 
Introducing new dimensionless variables 


p=ax, r=7,e7, pw = pip, h’ = hh = hy (1+), 


, 


3ka Ce 
— Tig? (R = 2piwr,?) 


let us write eqn. (1) in the form: 


— > | 
Ve =o (v-?2475) (2) 
h3 9 h? op 
bx = — e*ay oS gy = FRET (3) 


the circular sector being transformed into the rectangle 


OS iy, o<y< (t/a) ny where y = 1/73. 
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Taking into account that in modern thrust bearings the viscosity along a pad can 
vary 3 to 5 times, the usual assumption that the viscosity of the lubricant remains 
constant as it passes through the film does not seem to be valid. Reynolds’ equation 
should therefore be supplemented by the energy equation and the empirical viscosity- 
temperature dependence. The latter may be presented in the interval BOs 7 Ome 
— which is of interest from the practical point of view — by the formula: 


=i exp (— =| (4) 


where j4; = constant — viscosity at inlet edge, /— temperature rise at 7,p, 7 — tempe- 
rature constant of viscosity. 

The temperature being eliminated, the energy equation after being reduced to a 
dimensionless form is given by: é 


he 
He-2ay eV ln ape E e®ay + ae on (ve)?| (5) 
mn 


The dimensionless characteristic coefficient H? is determined by the equation: 


dcT T 
any reel Wotan. (6) 


where d — specific gravity, c — specific heat and parameter t = dcT, together with 
uj; and T, characterize the given lubricant. 

The coefficient m approximately takes into consideration a heat flow caused by a 
film conductance in the transverse direction. An indirect estimation of this flow using 
experimental data? shows that it accounts for only 5—10% of the total heat flow. 
So one may assume that m = 0.g. Further investigations will give a more definite 


value. 
The boundary condition for w is: ~ = 1 atx = 1. 


ON THE JOINT SOLUTION OF REYNOLDS’ AND ENERGY EQUATIONS 


The exact solution of this complicated non-linear system of partial differential equa- 
tions seems to be impossible. Only in the case of a pad without side leakage (two- 
dimensional problem) did the author succeed in obtaining and analysing the exact 
solution of this system, the equations being ordinal. 

As analysis has shown, it is essential to take into account the variation of viscosity 
with temperature when the characteristic coefficient 


9 — HU) —xl0) 


H(0) (7) 


is about 1 or more. At the same time one must keep in mind that it is not the solutions 
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themselves (p and z) that are of interest butsome definite integrals of them —character- 
istic coeffictents — by means of which all bearing characteristics are expressed. But 
these characteristic coefficients are found to be only slightly sensitive to the form of a 
viscosity function. Their values are determined mainly by @if the rest of parameters 
have been fixed. 

Having taken into consideration this reason and the fact that the accuracy of the 
energy equation is less than that of Reynolds’ equation, the author suggested an 
approximate method of solution for real pads based on the idea of satisfying Reynolds’ 
equation completely and the energy equation only on the average. To obtain suchasolu- 
tion one must: (I) approximate the viscosity by a suitable function of co-ordinates and 
indefinite parameters, substitute this function in Reynolds’ equation, and determine 
the pressure as a function of the co-ordinates and all the parameters of the problem, 
including viscosity parameters; (2) substitute the viscosity and the pressure in the 
energy equation and determine the viscosity parameters from the fact that the energy 
equation is satisfied on the average in some subregions (according to the number of 
the viscosity parameters) into which the initial region is divided. 

It will be noted that the usual average viscosity method from this point of view 
can be considered as a zero approximation, the viscosity being approximated by a 
constant. Such an approximation, which is the roughest, seems at the same time to be 
ineffective since the Reynolds’ equation solution is still complicated. In contrast, 
when using the method suggested here it has been found possible to choose ‘‘the local 
structure”’ of a viscosity function in such a manner that the Reynolds equation can 
be readily solved, the form of the viscosity function on the whole being suitable. 

Two methods for the solution of Reynolds’ equation with variable viscosity have 
been developed by the author. The principal idea of the methods is given below. 


METHOD OF LEVELLING 


The Reynolds’ equation may be expressed in the form: 


V(vVe) = —@ (8) 
where 
hs ay OF 
v= 7 5 3 e fore 
Equation (8) is elliptic as related to p. 

Let us suppose first that vis a slightly changing function, 7... |v isa small quantity. 
Then the use of the method of successive approximations is justified, 1.e. reducing the 
problem to the successive solution of corresponding Poisson's equations. It can be 
shown, for example, that with a » changing slowly enough 

Uo 


(Phige door, (9) 


where wy satisfies Poisson’s equation and homogeneous boundary conditions. 
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In real problems of lubrication the function » can vary more than ten times and 
direct use of the successive approximations appears impossible. However, if a partial 
solution of the corresponding homogeneous equation is known it is found to be possible 
to transform eqn. (8) to a similar equation but with some new functions y, p, o. The 
author has developed a method by means of which one can choose 7 so that its alteration 
will be much less than that of the function ». As a result, the approximate solution can 
be readily obtained andut will be possible to estimate the root-mean-square error of 
the solution. 

For this problem, taking only the case of the linear dependence of viscosity upon 
the co-ordinate in the direction of motion, we have: 


(1 + ax)§ 


= Aty AO ioe 4 Ox (10) 
By direct differentiation it is easy to verify that equation 
V(vye)=—e (x1) 
corresponds to eqn. (8) if 
Fae 4 cis ie p 
et A tea oh) EIR gt 1 Cie ae 2 ere 
where the function 
se dx a(t + 6x) + 6(1 + ax) 
= —2a%(1 + 0) [= = ein (x2) 


is a partial solution of the corresponding homogeneous equation. If we are now to 
define the constant c as a function of parameters a and § from the condition 


2f [2 >| have (13) 


then y will be the function slightly deviating from its mean value. 


fe) 0.2 0.4 0.6 i (o" 
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The functions » and y for @ = 1, 9 = 0 are shown in Fig. 2. Those functions are 
similar in the region of a and 6, which is of practical interest. 

As the deviation y from its mean value is very small, the approximate solution can 
now be easily obtained. The estimation of the root-mean-square error shows that it is 
about 1%, which proves that the method is quite suitable in the given case. 


METHOD OF VISCOSITY APPROXIMATION 


This method of solving the Reynolds’ equation is specific only for this problem, but 
in our opinion it is the most adequate in this case. 
Let us approximate viscosity by the expression 


(14) 


where v is a harmonic function depending also on some arbitrary parameters. Substitut- 
ing this expression in Reynolds’ equation it is easily seen that the latter can be reduced 
to Poisson’s equation with relation to vp: 


I h 
Vip) = —S omy (15) 
which can be solved without difficulty. As for the possibility of the approximation (14), 
this question can be answered only after examining the character of the viscosity 
function « in the whole region of the parameters. 

If we limit ourselves to the case when viscosity depends on the co-ordinate in the 
direction of motion « and the parameters @ and 6, then curves (x, a, 6) have the form 
shown in Fig. 3, in good agreement with the exact solution of the two-dimensional 
problem, thus showing the validity of the approximation. 
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The exact solution of Reynolds’ equation having been thus obtained and # and yu 
substituted in general expressions for characteristic coefficients, the latter may be 
presented in the form of the rapidly convergent series (the series converge as nes). 

The characteristic coefficients, calculated using the two methods, have been found 
to coincide almost exactly, the first method being the more tedious. 


METHOD OF CALCULATING BEARING PERFORMANCE 


The expressions for all characteristic coefficients have been obtained in an explicit 
form; this makes it possible to develop a method of calculating bearing performance. 
The principal points of this method are presented below. 

The most important characteristics of thrust bearing the designer is given are: P 
— the total load on the bearing, » — the angular velocity. The load per unit area of 
the pad #,, ensuring the bearing starting characteristics is to be chosen on the basis of 
experience or tests. The inside radius of pads 7, is defined by design consideration. 

If o be the ratio of the friction surface of the pads to that of the runner then we have 
the apparent relation: 


PS 207,7(y*—1) bm (y — _) (16) 


It is clear that if all the above-mentioned values are given, eqn. (16) defines y and con- 
sequently the outside radius of the pads 7. 

Then the designer takes an initial temperature at the inlet and chooses a lubricant. 
The latter, as mentioned above, can be characterized by three parameters: j4;, T, T. 

The principal bearing characteristics are: minimum film thickness /», total power 
loss N, temperature rise At, and coefficient of friction /. 

The method of calculation must answer the following requirements: 

1. To give, in a general form, the bearing characteristics as a function of the slope 
of the pads a. An analysis of this relation permits one to choose an optimum slope. 

2. To give, ina general form, the bearing characteristics as a function of the number 
of the pads z or the central angle of pads a, the slope of the pads a being optimum. An 
analysis of this relation permits one to choose an optimum number of pads. 

3. To give the co-ordinates of the pivot, corresponding to the optimum slope, for 
the pivoted-pad bearings. 

4. To present the relation between the bearing characteristics and its parameters in 
a more explicit form. 

In connection with the last requirement it is necessary to point out the following. 
A theory as arule presents the final results in the form ot a relation between dimension- 
less bearing characteristics — characteristic coefficients — and dimensionless para- 
meters. The real bearing characteristics will be expressed as a product of dimensional 
multipliers and corresponding characteristic coefficients. But the choice of the 
former and consequently the choice of the latter is diverse. It seems that the most 
expedient choice of the dimensional multipliers is those at which they remain 
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constant in the principal design problems. In this case the real bearing characteristics 
will be in direct proportion to the corresponding characteristic coefficients. Having 
the diagrams of the latter, one can easily conceive the relation between the bearing 
characteristics and the parameters. This requirement seems to be all the more essential 
because it is usually not taken into account. 

Some remarks should be made concerning independent variables. As analysis shows, 
there must be at least four independent variables in the theory of pad-type bearings 
in order to satisfy the requirement of similarity (in all known theories of pad-type 
bearing lubrication only two independent variables have been taken since some 
essential factors have been neglected). The choice of the variables as independent 
parameters must depend on the way the principal problem is formulated. One should 
clearly distinguish the parameters that are necessarily independent, when treating 
the theory mathematically, from the really independent parameters. Therefore the 
final results of the theory must be transformed accordingly before being presented. 

The theory developed by the author results in the following formulae for the bearing 
characteristics. 


bm => aah ne => ae At = TO (17) 


TORA/ pr [2,,. 
We V kt Woe = y 8 iw F 
b 


Zi 


Here 7, H?, O, W, F are corresponding characteristic coefficients, k = 2ujw7,". 

It is clear from the nature of the problem that the definitive results of the theory 
must be presented in the form of the dependence H?, W, 0, F on IT, a, a, y. As an 
example, the corresponding functions of « and /7 are shown in Figs. 4—6 for a=0.375, 
y = 1.57 (these values correspond to geometrical dimensions of thrust bearing pads 
for a large water-wheel generator). The functions for other values of parameters which 
are of interest are similar to those shown above.* 

It follows from these curves that there exists an optimum slope of pad ap (JT, a, y) 
for which H? or hy (which is the same) has a distinct maximum, whereas W, O and F 
lie in the region of a relatively sloping minimum. 

An analysis of similar curves for different a and y having been made, one can deter- 
mine a, (JT, a, y) and consequently optimum values of characteristic coefficients 
H,?, Wy, Oy corresponding a =a. These functions are shown in Figs. 7—9 for y = 1.57. 
It is clear that there exists an optimum angular size of pads a, corresponding to the 
maximum of H,2.The power loss rapidly increases with the decrease of a or with the 
increase of z (which is the same). The temperature rise, on the contrary, slightly 
decreases if the number of pads is increased. The dependence a, on y, I/ is shown in 
Fig. ro. 

Finally, for a pivoted-pad bearing the given dependences must be supplemented 
with the co-ordinates of the pivot as functions of the parameters. 


~ * As the coefficient F for the given JJ is in direct proportion to W the corresponding curves are 
not shown. 
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EXAMPLE OF CALCULATION 


To illustrate the manner in which the calculations are worked out let us take a 
calculation for a pivoted-pad thrust bearing of a large vertical water-wheel generator. 

The nominal data of the bearing are: P = 2-108 kg, w = 8.72 sec—!. Let us take 
preliminarily p,, = 0.5-10° kg m~®. If the temperature of the inlet is 30°C the charac- 
teristics of the lubricant will be: 1; = 6.8-10% kg sec.m-*, T = 23°C, t = 3.9-10° kg m-?. 

From design considerations let us take: 7, = 1.075 m, o = 0.7. From eqn. (16) we 
find: y = 1.6. The preliminary value of 17 = $,,/tT = 0.13. 

Turning to Fig. 10 with y = 1.6, 7 = 0.13 gives the optimum value of the central 
angle of the pad: a, = 0.37. The nearest suitable number of the pads z = 12. Making 
the previous values more exact let us finally take: 


ay = 0.375, C= = = 0.716, pm = 0.526108 kg m-? y= 1.57, I = 0.135. 


For these values of y, /7, a from the curves in Figs. 7-9 Hy? = 0.105, Wy) = 1.43, 
and @, = 1.25. We also have k = 0.137 kg. Using eqn. (17) the characteristics of the 
bearing are found to be: 

hy = 0.61:10-4m = 0.061 mm, At = 29°C, 
N = 2.37:104 kg.m/sec = 232 kW 
The following co-ordinates of the pivot 7, and m, correspond to the above character- 


istics: 
Vo = 1.30%, Pc = 0.160 


the slope of the pad being a) = 2. 
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It may be of interest to compare these characteristics, corresponding to the optimum 
slope of the pad, with those which the bearing would have if a A ay. For example, if 
@ = I (some authors!:? believe this value to be optimum under any conditions) then 
we have: 


hy = 0.055mm, N = 246kW, At = 40°C 


i.e. the film thickness decreases but the power loss and the temperature rise increases, 
the latter increase being especially notable. 
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A CROSSED-CYLINDERS FRICTION MACHINE 


J. F. ARCHARD 


Research Laboratory, Associated Electrical Industries Limited, Aldermaston Court, Aldermaston, Berks. 
(Great Britain) 


SUMMARY 


The distance of sliding over which a contact rubs the opposing surface is an important factor 
affecting the friction and surface damage. By using crossed cylindrical specimens and by changing 
their orientations to the sliding direction it is possible to vary this sliding distance over a wide range. 
When used in its usual orientation the crossed-cylinders arrangement ensures that the contact 
moves constantly to fresh undamaged portions of both specimens and accidental damage then 
affects the behaviour over only a limited sliding distance. The results thus obtained are therefore 
the best possible representation of the behaviour of the specimens in their original undamaged 
condition. An apparatus incorporating these principles is described and its advantages are illustrated 
by the results of experiments. A feature of the apparatus is that friction measurement is achieved 
using a nearly rigid elastic restraint. 


LUSAMMENFASSUNG 


Ein auf dem Prinzip der ,,Gekveuzten Zylinder’”’ beruhender Reibungsapparat: Der Abstand wber 
den ein Kontaktstiick auf der Oberflache des zweiten entlanggleitet hat einen wesentlichen Einfluss 
auf die Reibung und auf die Beschadigung der Oberflache. Anwendung der Probestiicke in Form 
von gekreuzten Zylindern erméglicht es durch fortlaufende Anderung ihrer Lage beziiglich der 
Gleitrichtung diesen Gleitabstand weitgehend zu verandern. Gebrauch dieser Anordnung gekreuzter 
Zylinder fiihrt zu einer fortlaufenden Verlegung der Beriihrungsstelle nach neuen noch unbescha- 
digten Sektoren der Kontaktflachen, zufallige Beschadigung der Oberflache beeinflusst das Gleit- 
verhalten dann nur iiber eine begrenzte Weglange. Die Ergebnisse geben daher die bestmégliche 
Darstellung des Verhaltens der Gleitstiicke in ihrem urspriinglichen, unbeschadigtem Zustand. 
Eine diesen Grundsatzen gerechtwerdende Apparatur wird beschrieben und ihre Vorteile werden 
durch experimentelle Ergebnisse illustriert. Eine Besonderheit der Apparatur ist die Reibungs- 
messung unter Beniitzung eines nahezu starren Hemmungsbalkens. 


INTRODUCTION 


Friction measurements have been made with many different forms of apparatus. 
In recent years, however, the majority of experimenters have used arrangements in 
which a spherical slider rubs on a flat plate!~*. The real area of contact should then be 
confined to a single well-defined region and it is thus possible to isolate and study the 
effects of sliding. Experience shows that the geometrical arrangement of a sphere 
sliding on a flat has certain limitations. If the slider is of the softer material it is usually 
damaged after a short distance of sliding, the contact conditions are changed and the 
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bulk of the experiment is carried out under conditions differing from those deduced 
from the original shape of the specimens. If the slider is of the harder material the flat 
surface is usually damaged, particles of the softer material adhere to the slider, and 
for the bulk of the experiment the sliding assumes the character of the friction of 
similar materials. 

These changes in the experimental conditions arise, in part, from the mechanism of 
the breakdown of protective surface films. With most metals appreciable welding, and 
the consequent damage, does not occur under normal loading alone®,’. When tangential 
motion begins the surface films initially protect the specimens from damage; later, 
breakdown is initiated by small local penetration of the protective layers. Once estab- 
lished, this damage may grow in size until it assumes dimensions comparable with 
those of the whole contact region’. It has also been shown that such damage may be 
initiated by a local surface imperfection such as a scratch*®. With a spherical slider 
rubbing ona flat plate the damaged portion of the sphere remains in contact throughout 
the experiment and any breakdown affects the subsequent frictional behaviour. 
Therefore the results may be dominated by the after effects of a relatively rare and 
unpredictable event occurring at, or near, the start of sliding. 

These difficulties can be overcome and the experimental conditions made more 
precise by using crossed cylindrical specimens arranged so that fresh undamaged 
surfaces are continuously being encountered on both sliding members$. Moreover, as 
suggested by the above discussion of the breakdown of surface films, the distance for 
which a point on one body slides over the other may be an important variable. With 
the crossed-cylinders arrangement this distance can be controlled and varied from a 
distance comparable with the diameter of the contact region up to a distance equal to 
the total length of sliding. 

The present paper is concerned with the use of the crossed-cylinders arrangement at 
slow speeds of sliding. At higher speeds it is preferable to use rotating specimens. 
MILNE, ScoTT AND MacponaLp!° have described an apparatus of this type with 
cylindrical specimens crossed at right angles. One specimen was rotated and the 
other traversed in a direction at 45° to the specimen axes. In this arrangement the 
sliding distance is comparatively long but by rotating both specimens!! the full 
potentialities of the crossed-cylinders arrangement (such as the achievement of a 
short sliding distance) are retained. 

During the past few years the crossed-cylinders arrangement and its advantages 
have been discussed in a number of papers. Hirst AND LANCASTER® discussed the 
importance of the sliding distance and showed that when using a sphere sliding on a 
flat the damage was far greater than with crossed cylinders. 

For these reasons HALLIDAY AND Hirst!2used crossed cylinders to measure the coeffi- 
cient of friction of surfaces covered with an oxide film which would have been broken 
when using the more conventional arrangement. It has also been shown that the 
friction between surfaces touching at a number of places may depend upon the way 
in which the true area of contact is distributed between these individual regions!3, 
In this last work it was vital to isolate and study the behaviour of single undamaged 
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contact areas as a prerequisite for the study of distributed contacts, The crossed- 
cylinders system was therefore used to measure the friction of single contacts between 
both Perspex and brass specimens. In the present paper a friction apparatus developed 
during the course of these earlier investigations is described and its advantages are 
illustrated by the results of some further experiments. 


Fig. 1. The crossed-cylinders friction machine. 


DESCRIPTION OF THE APPARATUS 


A schematic diagram of the apparatus is shown in Fig. 1. The specimens normally 
consist of 0.25 in. (6.35 mm) diameter cylinders but specimens of larger or smaller 
diameters can be accommodated. The lower specimen A, mounted in its holder B, 
is secured to a carriage C, which can be moved forward at a slow constant speed. Other 
arrangements, not shown in the diagram, allow the specimen to be heated, to be 
immersed in a lubricant, and to be electrically insulated for contact resistance measure- 
ments. The upper specimen is shown at D. 

In the most usual arrangement the cylinders are loaded together with their axes 
mutually at right angles, a circular area of contact being obtained equivalent to that 
found between a sphere and a flat. The lower specimen is then moved in a direction at 
45° to the specimen axes. Tracks whose widths are equal to the diameter of the contact 
are formed on both specimens, but each point on one specimen is in contact with the 
other for only a short distance, comparable with the track width d. (Detailed consider- 
ation shows that at loads not exceeding the elastic limit, this sliding distance varies 
from zero for points at the edges of the track tod V2 for points on the centre of the track.) 
The apparatus can also be used to obtain a long sliding distance under conditions 
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similar to those obtained when a sphere slides on a flat. The lower specimen is oriented 
with its axis parallel to the sliding direction and a point on the upper specimen is then 
in contact with the lower specimen for a distance equal to the total sliding distance. 
Intermediate value of the sliding distance can be obtained by changing the orientation 
ot the lower specimen. Its holder (B, Fig. 1) can be rotated and its position is indicated 
by an engraved scale. 

The upper specimen D is mounted onan arm E which is pivoted at a gimbal mounting 
G and counterweighted at H. (This specimen is also supported along its whole length, 
not merely at the ends as shown, for clarity, in the diagram.) The upper specimen 
arm is thus free to rotate about both pivot axes in a vertical and a horizontal plane. 
A load W is applied to the end of the arm, and therefore with the usual specimen orien- 
tation (Fig. 1) the load between them varies with the position of the contact; in most 
experiments it was arranged that the load varied from 3W to 7.5W during the course 
of arun. In this way it is possible, in a few experiments, to cover a wide range of loads. 
It thus becomes easy to determine the load required to cause a transition in the magni- 
tude of the friction or the surface damage such as that which occurs at the breakdown 
of a protective surface film. 

To measure friction under kinetic conditions some type of elastic 1estraint is required. 
Experiments with another type of friction apparatus (SHOTTER AND Hirst, unpublish- 
ed) had shown that the character of the surface damage and the recorded friction 
could be greatly affected by the type of restraint used. With a highly elastic restraint 
the recorded friction varied between wide limits, and very large relative movements 
of the specimens occurred during a period of falling friction. With a more rigid restraint 
the recorded friction and the surface damage were much more consistent. In experi- 
ments with the present apparatus it was required to measure the friction between 
specimens subjected to a steady relative motion; the experiments just described 
suggest that unwanted relative motion induced by the elastic restraint can be limited 
by using a nearly rigid restraint. Moreover, if a comparison between the results of 
friction experiments and normal engineering practice is required, it is relevant to 
recall that most practical rubbing surfaces are quite rigidly mounted. In the present 
apparatus it was therefore arranged that movement due to elastic restraint was small 
compared with the linear dimensions of the contact area. 

As shown in Fig. 1, the friction between the specimens tends to rotate the upper 
specimen arm about its vertical pivot axis, the movement being restrained by the 
rod J. The friction is recorded by measuring the deflexion of this rod using the sensing 
head of a Talysurf profilometer. Rods of 0.5 in. (1.27 cm), 0.75 in. (1.9 cm), and 1.14 in. 
(2.9 cm) diameter are used. The system is therefore very rigid and the maximum move- 
ment at the contact, attributable to the strain of the measuring rod, is 4 - ro~4 in. 
(10 4). The load between the specimens increases as the point of contact moves nearer 
to the pivot axis, but the moment of this load about the pivot axis is constant. A con- 
stant coefficient of friction therefore results in a constant moment about the vertical 
axis and a constant deflexion of the restraining rod J. Calibration of the friction records 
is by horizontal loads applied at F. 
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Fig. 2. Crossed-cylinders experiments with unlubricated gear steels. Upper specimen EN8 (0.4% C). 
Lower specimen EN24 (1.5% Ni, 1% Cr). Speed 0.05 cm/sec. A, Load 10 kg; B, Load 7.5 to12.5 kg. 


RESULTS 


The value of the crossed-cylinders arrangement is illustrated by the friction records 
of Fig. 2, which show the effect of sliding distance upon the observed results. The follow- 
ing interpretation of them is supported by examination of the tracks on the speci- 
mens. In the first run (A) the lower specimen was oriented parallel to the sliding 
direction. When sliding commenced the protective surface films were undamaged and 
the coefficient of friction was low (0.2). After sliding about 2 mm the surtace films were 
penetrated; on further sliding the damage increased in severity and the coefficient of 
friction rose to a value between 0.4 and 0.6. In the second run (B) fresh undamaged 
portions of both specimens were used in an experiment with both specimens oriented 
at 45° to the sliding direction. A very different frictional behaviour was obtained. The 
coefficient of friction remained at the low initial value of 0.2 apart from a few small 
increases due to local breakdown of the protective films. A further run (with conditions 
identical to those of experiment A) showed that the differences between (B) and (A) 
were the result of changes in specimen orientation and were not due to the specimens 
becoming contaminated during the period between experiments. It is clear that the 
crossed-cylinders arrangement of Fig. 2B limited the growth of damage and ensured 
that the friction remained close to a value corresponding to the specimens in their 
original undamaged state. 

The low initial friction seen in Fig. 2 was obtained only because some care was 
exercised in applying the load between the specimens at the start of the experiment. 
In many other experiments it has been found that this initial application of the load 
can cause damage which, when using a sphere rubbing on a flat, may well determine 
the course of the whole experiment. With the crossed-cylinders arrangement of Fig. 2B 
this damage and the resultant high friction are limited to the initial stages of sliding. 
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This point is demonstrated (Fig. 3) in a friction record obtained with crossed cylinders 
of copper lubricated with an anti-scuffing additive. 


1.0 
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Fig. 3. The friction of lubricated crossed cylinders of copper. Load 7.2 kg. Speed 0.05 cm/sec. The 
damage caused when applying the load has affected only the first few mm of sliding. 


With the crossed-cylinders arrangement it is also relatively easy to relate a given 
feature of the friction record with observable patches of damage on the specimens. 
This is because each part of the track on both specimens is rubbed only once; therefore 
a particular patch of damage is not obliterated by further rubbing. This is illustrated 
by the results of an experiment using oxidized specimens of mild steel. Fig. 4 shows 
photographs of the tracks on both specimens together with the friction record. The 
smaller welds have little or no effect upon the friction but the large welds correspond 
to peaks in the friction record. A closer examination of the photographs and the 
friction record allows one to trace in more detail the growth and breaking of the welds. 
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Fig. 4. Crossed-cylinders experiment with unlubricated cylinders of oxidized mild steel, Load on 
specimens 9.0 to 10.5 kg. Speed 0.03 cm/sec. 


CONCLUSIONS 


It has been shown, that the previous history of a sliding contact may have a con- 
siderable effect upon its friction and surface damage. In particular the distance of 
sliding over which the contact has rubbed the opposing surface may be quite as im- 
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portant as other factors such as the load. In machinery this sliding distance may vary 
within wide limits; for a piston sliding in a cylinder it may be large, whilst during the 
engagement of gear teeth it is small. One great advantage of the crossed-cylinders 
arrangement is that it provides the possibility of varying this sliding distance over a 
wide range. 

When used under short sliding distance conditions the crossed-cylinders arrange- 
ment ensures that the area of contact moves constantly to fresh undamaged positions 
ot both specimens. It thus provides the best assurance that the experimental results 
truly represent the behaviour of the surfaces in their original undamaged condition 
and it is therefore the best arrangement for studying the influence of such factors as 
stress, surface finish, and local radius of curvature on friction and surface damage. 
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SUMMARY 


The initial sliding friction of surfaces composed of a hard waxy grease has been found to be 
markedly dependent upon the length of time that the surfaces are loaded prior to sliding. The results 
may be interpreted in terms of the adhesion theory of metallic friction when due regard is paid to 
the rheological behaviour of the material in the neighbourhood of the contact areas. It is suggested 
that the results have implications for an understanding of time-dependent effects in the friction of 
other materials with particular reference to the observed variations of friction with sliding velocity. 


ZUSAMMENFASSUNG 


Bei Reibungsversuchen mit einem weichen Festkérper wurde festgestellt, dass die Anfangs- 
reibung von harten, wachsartigen Schmierfetten sehr stark abhangt von der Zeitdauer, wahrend 
der die Flachen belastet werden, vor dem Beginn des Gleitens. Die Ergebnisse k6nnen auf Grund 
der Adhdsionstheorie der metallischen Reibung erklart werden, wenn man das rheologische Ver- 
halten des Stoffes in der Nachbarschaft der Kontaktflachen in Betracht zieht. Es wird angedeutet, 
dass die Ergebnisse auch fiir das Verstandniss der zeitabhangigen Vorgange der Reibung anderer 
Stoffe von Bedeutung sind, insbesondere fiir die beobachteten Veranderungen der Reibung mit der 
Gleitgeschwindigkeit. 


INTRODUCTION 


According to the adhesion theory of friction the tangential force required to cause 
relative sliding between contacting surfaces is determined by the shear strength of the 
local junctions formed in the real area of contact and by the shear properties of any 
other material in the interstices. In the discussion reported by TaBor! there was 
agreement that this general concept is valid for a wide range of materials and conditions 
of sliding although the detailed mechanism of the process remains uncertain. Thus 
MING FENG? suggests that the strength of a local junction is itself due to a mechanical 
interlocking of surface irregularities caused by plastic flow; from another viewpoint 
GREEN* and GREENWOOD AND TABoR¢ suggest an approach based on the mathematical 
theory of plasticity. In both cases it is recognised that the local deformation of the 
surface in the regions of real contact plays an important role in the mechanism of 
friction. Frictional behaviour should therefore depend upon the rheological properties 
of the surfaces. 
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With most metallic surfaces at room temperature the application of a normal load 
causes elastic and plastic deformation of the asperities and an equilibrium area of 
junctions in contact is assumed to form almost immediately. The friction on sliding 
is usually believed to be thus determined primarily by the instantaneous experimental 
conditions. Such history effects as are sometimes observed, e.g. PARKER AND Hatcn® 
and Hirst AND LANcAsTER’, are attributed to the effect of the sliding process itself 
upon the geometry of contact or to chemical reactions between the surfaces and their 
environment. With soft metals such as indium, however, MOORE AND TABOR’ have 
reported that the mere duration of loading, without sliding, can influence the coefficient 
of adhesion, this phenomenon being due to an increase in the area of real contact 
through creep of the material. Recently, SpuRR® has demonstrated that for such mate- 
rials the initial coefficient of friction upon subsequent sliding shows a similar increase 
with the duration of preloading. BURWELL AND RABINOwIcz? have attempted to relate 
the slow sliding of indium and lead to the creep properties of the surfaces. 

With plastics and soft solids the time-dependent components of deformation may 
be more pronounced than with metals at room temperature. Thus, HuTTon AND 
MattTHews” have described compression experiments on greases; on application of 
a stress below the yield value the grease suffers an immediate elastic deformation 
followed by a delayed deformation in a manner analogous to the primary and secondary 
stages of creep of metals. Deformation due to creep was found to reach about the same 
magnitude as the elastic deformation within 24 hours. This behaviour was interpreted 
in terms of a rheological model composed of springs, dashpots and a slider and the 
distribution of retardation times is qualitatively similar to that of a variety of soft 
materials. If such bodies are used for sliding surfaces it is to be expected that the 
asperities in contact will deform plastically or elastically and then continue to flow 
for an appreciable period after the application of a normal load, with a resultant pro- 
gressive increase in the area of real contact. The initial sliding friction should therefore 
be affected by the length of time that the surfaces have been held in contact. This paper 
describes some experiments in which this phenomenon has been studied, using a hard 
waxy grease as the rubbing surface. 


EXPERIMENTAL 


The influence of preloading time may be expected to be shown primarily as a change 
in the coefficient of initial friction. A common method of determining initial friction 
is to cause one of a pair of mating surfaces to move and to measure the force trans- 
mitted to the other surface by the deflection of some elastic system. This is equivalent 
to applying a gradually increasing tangential force and the initial friction may be 
defined as the maximum tangential force that must be overcome before macroscopic 
sliding commences; it may be equal to, but is usually greater than, the kinetic friction. 
The value of the initial friction may depend on the rate of application of the tangential 
force (e.g. PARKER, FARNWORTH AND MILNE") and it would appear desirable therefore 
to distinguish between “‘initial’” friction and the so-called “static’’ friction — the latter 
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may be regarded as being the limiting value (if any) of the initial friction at infinitely 
slow rates of application of tangential force. In the present experiments it was found 
that the initial friction might vary appreciably with the rate of application of tangential 
force. As the main purpose of the investigation was to study the influence of preloading 
time, however, the rate of application was maintained at a constant value sufficiently 
rapid to ensure that the full tangential force was applied within a period small in 
comparison with the loading period. 


Fig. 1. The M.E.R.L. rotary friction machine. 
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Friction experiments were carried out on a machine (Fig. r) in which an annular 
specimen A was rotated about a vertical axis by an electric motor driving through 
a reduction gear. The mating surface B, also plane, was mounted in a centrally loaded 
upper specimen holder C, the load being applied by a calibrated compressed air cylinder 
acting on a rod D passing down a hole along the axis of the driving shaft. The upper 
specimen holder was located horizontally and restrained torsionally by three radial 
arms E spaced at 120° each bearing against a proving ring F. The compression of the 
rings was determined by a capacity method and recorded on a circular chart recorder, 
the whole system being calibrated 7m situ for each run. All the experiments described 
were carried out at room temperature. 

The surface material was a hard, waxy, mineral-base grease (A.S.T.M. cone pene- 
tration < 10) of a type commonly used to form a sliding surface material in the launch- 
ing of ships. This grease could readily be melted (m.p. 55°C) and cast on wooden 
backing discs in prepared moulds to form specimens in the shape of an annular slab, 
4¢ inch (10.9 cm) outer diameter, r$ inch (3.8 cm) inner diameter, and 4 inch (0.6 cm) 
thick. One rubbing surface was made continuous while the other was divided into 
two 90° sectorial pads, thus giving a total nominal bearing area of 6.2 in? (40 cm?). 
After cooling, the surfaces were smoothed by “‘ironing”’ with a warm metal roller and 
the specimens were allowed to stand for at least 24 hours before testing. Surfaces so 
prepared had a smooth shiny appearance and a gentle undulation or ‘‘waviness”’ of a 
maximum amplitude of about 4 mm. In some experiments these hard grease slabs 
were used as the bearing surfaces, unlubricated ; in othersasofter grease (A.S.T.M. cone 
penetration 230) was used as a lubricant. Over the range of times and loads investigated 
it was found that the thickness of the lubricant layer was not critical and coatings of 
about 2 mm thickness were employed to ensure ample covering of the surfaces. A fresh 
pair of specimens were prepared for each test and the grease was discarded after use. 

The method of testing was to place the prepared specimens in the machine, with the 


pISTANCE. 


Fig. 2. A typical friction record showing the high initial friction followed by steady sliding. 
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restraining arms just clear of the proving rings. The required normal load was applied 
for a predetermined time at the expiry of which the driving motor was started. The 
speed of rotation was constant for all tests and corresponded to a steady sliding velocity 
of 10-8 cm/sec at the mean radius of the grease surfaces. As the restraining arms were 
pressed into contact with the proving rings the elasticity of the system imposed an 
increasing torque on the specimens. In general it was found that the friction torque 
rose to a maximum value and then fell to a subsequently steady lower value. A typical 
friction record is shown in Fig. 2. For the distances covered in these experiments the 
kinetic friction was approximately constant during the steady sliding period and the 
tests were usually terminated after about half a centimetre travelled at the mean 
radius. Some exploratory runs for much longer periods showed that further sliding 
might lead to erratic friction when the distance approached the linear dimensions of 
the contact area, but this aspect of the problem was not pursued. 

Figs. 3a and 3b show the magnitude of the initial and steady sliding values, respec- 
tively, of the friction (assumed to act at the mean radius of the specimens) from a series 
of experiments with unlubricated surfaces covering a range of applied loads and pre- 
loading times. Figs. 4a and 4b show the results from a similar series in which the hard 
grease surfaces were lubricated with the softer grease. It will be noted that there was an 
appreciable scatter of the results, but the general increase in friction with pre-loading 
time is evident. 

In some subsidiary experiments it was observed that if the surfaces were at any time 
stopped then on restarting the friction rose to a further peak value before dropping 
once more to approximately the same steady value as before. The magnitude of the 
secondary peak depended on the duration of the rest period in much the same manner 
as did the initial friction; the initial rate of increase, however, was greater than for 
the unmoved surfaces. 

An attempt was made to ascertain whether the increase in initial friction could be 
related to an increasing area of contact between the surfaces. One of the grease surfaces 
was replaced by a perspex slab and with oblique illumination the areas of contact could 
be distinguished, by their diffuse reflection, from the perspex/air interfaces, with their 
specular reflection. Within these areas contact appeared to be very nearly complete. The 
definition of the boundaries of the contact areas was not very precise but was rather 
better than would appear from the photographic reproduction in Fig. 5; the variation 
of estimated areas of contact with time are given in Fig. 6, for three pairs of contacts 
under different loads. The change with time is consistent with initial supposition of a 
progressive relaxation of the grease under the action of the normal load, and is qualita- 
tively similar to the observed variations in the initial friction torque with the unlubri- 
cated surfaces, but the precision of the estimates of contact area was not considered 
to be sufficient to enable a quantitative relationship between contact area and friction 
to be derived; there is an apparent tendency for the initial friction to continue to rise 
even after the contact area was showing little further change with loading time. It is 
reasonable to conclude that much of the increased friction observed is attributable to 
the progressive increase in the area of real contact, but that there may be further 
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COEFFICIENT OF FRICTION 
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(a) Initial peak values. 
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8 
TIME UNDER PRESSURE — HOURS 
(b) Steady sliding values at 0.001 cm/sec mean velocity. 


Fig. 3. (a) and (b) Variation of coefficients of friction with time under pressure for unlubricated 
grease surfaces. 
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(a) Initial peak values. 
x 1 ton/sq.ft. (1.1 kg/cm?) 
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+ 3 tons/sq.ft. (3.3 kg/cm?) 


COEFFICIENT OF FRICTION 


TIME UNDER PRESSURE — HOURS 
(b) Steady sliding values at 0.001 cm/sec mean velocity. 
Vig. 4. (a) and (b) Variation of coefficients of friction with time under pressure for lubricated 
grease surfaces. 
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observation of contact between a grease surface and a persrex slab: light areas 
represent regions of contact within the sectorial specimen area. 
(a) Immediately after application of load of 3 tons/sq.ft. (3.3 kz/cm?). 
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(b) 24 hours after application of load_of 3 tons 
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TIME UNDER PRESSURE - HOURS 
Fig. 6. Variation of observed contact areas with time under pressure. 
x 1 ton/sq.ft. (1.1 kg/cm?) 
@) 2 tons/sq.ft. (2.2 kg/cm?) 
+ 3 tons/sq.ft. (3.3 kg/cm?) 


increases in friction owing to a time-dependent increase in the strength of the junctions 
so formed. 


DISCUSSION 


The results support the view that the rheology of the surface material is of consid- 
erable importance in determining frictional behaviour and that time-dependent 
phenomena may be particularly evident with soft solids. When due allowance is made 
for differences in rheological properties, the adhesion theory of friction originally sug- 
gested for metallic surfaces appears to be equally applicable to grease surfaces. Thus, 
direct observation shows that contact occurs over only a portion of the nominal con- 
tact area, and in these regions the grease surfaces may be presumed to amalgamate, 
for there is unlikely to be any major barrier due to the presence of surface films. During 
the loading period the grease undulations, being viscoelastic, relax and allow an increas- 
ing area of contact between opposing surfaces; within the range of loads and times 
investigated the natural limit, 7.e. when the real and apparent areas of contact are 
equal, does not appear to have been reached. In addition, the strength of the junctions 
so formed may increase slowly with time in the same way as greases are known to 
harden slowly on standing. The force of friction is the sum of that required to shear the 
junctions together with that required to shear the softer grease (when employed as a 
lubricant) that remains in the interstices. The combined effect of increasing area and 
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increasing strength of the junctions is that the force required both to initiate 
and to maintain sliding over short distances increases with the duration of 
pre-loading. It is hardly surprising that Amonton’s law does not apply to sucha system. 

The drop in friction on initiation of gross sliding is unlikely to be due merely to a 
reduction in contact area with movement because the distance travelled was small 
compared to the observed size of the junctions. Greases are known to be thixotropic, 
however, and once shear takes place the strength of the material will fall. On stopping, 
the grease may be assumed to recover and thus a greater force is required to start 
and to restart the motion than to maintain the sliding. 

The presence of a lubricant layer has a marked effect upon the friction. It is readily 
understandable from plasticity theory how the presence of a soft plastic mass can 
reduce the load carried by direct contact between the hard grease surfaces. Shearing 
of the lubricant layer contributes to the force required to cause sliding but this is more 
than offset by the reduction in friction between the hard grease. The resulting coeffi- 
cients of kinetic friction are among the lowest encountered in solid friction experiments. 

The concepts of metallic friction, 7.e. the shearing of junctions of limited area, are 
clearly applicable to the friction of grease surfaces. These experiments have shown, 
moreover, that with a soft solid the time-dependent components of deformation are of 
particular importance; it is pertinent, therefore, to consider to what extent the time- 
dependent effects noted with grease are likely to be present in metallic friction experi- 
ments even though they are not usually considered to be present. SpuRR® has shown 
that the static friction (strictly, the initial friction) of zinc and indium surfaces increases 
with time and that this is attributable to a growth in the real area of contact ina manner 
very similar to that found here with grease. It is in connection with the variation of 
kinetic friction with sliding velocity, however, that consideration of the time-depend- 
ence of surface deformation is likely to be especially fruitful. 

There is considerable evidence (BRIsSTOW!?, BARWELL AND MILNE, etc.) that a falling 
friction-velocity curve is associated with poor boundary lubrication and that in such 
cases the friction is primarily dependent upon the behaviour of the metal surfaces. 
In slow sliding the observed friction force is the sum of that from a number of surface 
contacts each of which is following a typical life-cycle of junction formation and break- 
ing (for the present purpose it is largely immaterial whether the friction of a junction 
is itself due primarily to micro-roughness or to welding). The local pressures are very 
high with metallic surfaces and thus the influence of creep and relaxation may be 
significant, even though the time of contact may be small. The lower the sliding veloc- 
ity the longer will be the life of each contact and the greater the effect of any creep 
of the material. Such creep may add to the instantaneous elastic and plastic deforma- 
tion in two ways, either by permitting the junction to deform under the action of 
tangential stress and thus to allow movement at tangential forces lower than would 
otherwise occur, or by permitting the surface asperities to deform further under the 
action of the normal load, thus leading to a greater area of contact and hence higher 
friction. The former effect is evident in the rising parts of the friction-velocity curves 
given by BURWELL AND Rasinowicz’, the latter in the gradual slowing of contacts 
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under constant tangential force (Figs. 2 and 3 of BURWELL AND RaABINOWICzZ?). The 
effect of creep in giving an increased contact area and hence increasing friction at lower 
sliding speeds should be more pronounced with large relative radii of curvature be- 
tween metallic contacts and with smoother surfaces. This view is supported by the 
earlier observations of BARWELL AND MILNE" in which large radius contacts showed a 
greater tendency for the friction to rise at slower sliding speeds than did the small 
radius contacts; both \BARWELL AND MILNE and Bristow” noted a tendency for 
smoother surfaces to show increased differences between the friction at low and at 
very low sliding speeds. Such considerations are at present merely qualitative, but it 
would appear that the more detailed consideration of the behaviour of junctions during 
shear in the manner suggested by GREEN® would gain increased applicability to kinetic 
friction experiments if the time-dependent components of deformation were considered 
in addition to the usual plastic and elastic deformations. 


CONCLUSIONS 


The adhesion theory of friction originally suggested for metallic friction appears 
to be applicable to the frictional behaviour of a soft solid such as grease. Such differ- 
ences from metallic friction as are observed, and in particular the appreciable time- 
dependence of the friction, may be attributed to the rheological properties of the sur- 
faces and of the lubricant. Inasmuch as rheological properties such as creep are qualita- 
tively similar for such diverse materials as grease, plastics, and metals, then it is to be 
expected that similar effects would be observed also with these other materials if the 
appropriate time scale were covered. Consideration of the probable effects suggests 
that such deformation probably accounts in part for the rise in kinetic boundary friction 
at low sliding speeds observed with poorly lubricated metallic surfaces. 
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WEAR OF CARBIDE TOOLS AND SURFACE FINISH GENERATED 
IN FINISH TURNING OF STEEL 


VLADIMIR SOLAJA* 


Wolverhampton and Staffordshire College of Technology (Great Britain) 


SUMMARY 


Surface finish, dimensional accuracy, and condition of surface layer being the main criteria in 
finish turning, it is shown in this paper that the phenomenon of concentrated tool-wear which ac- 
companies the machining of steel is directly associated with the first criterion and may affect the 
rest. A mathematical relationship connecting the length of grooves and the width of the wear-land 
on the clearance face with the value of maximum roughness on the surface generated was found 
to exist. An attempt was made to establish experimentally an empirical relationship in the case of 
centre-line-average roughness. In a series of carefully conducted tests a number of variables in- 
cluding the grade of carbide tips used, workpiece material, rake and clearance angles of tools, feeds 
and speeds, were studied. 


ZUSAMMENFASSUNG 


Oberflachenrauhigkeit, Dimensionsgenauigkeit und Grenzschichtenbeschaffenheit sind die 
wichtigsten Faktoren beim Feindrehen. Der Verfasser zeigt, dass die Erscheinung des konzentrierten 
Verschleisses, der bei der Bearbeitung von Stahl auftritt, eine Vergrésserung der Rauhigkeit zur 
Folge hat, wahrend, unter Umstanden, auch die anderen Faktoren beeinflusst werden kénnen. Es 
wurde eine mathematische Beziehung, welche die Rillenlange an der Freiflache, die Verschleiss- 
markenbreite und die maximale Rauhigkeit hmaxy verbindet, gefunden. Es wurde auch versucht, ein 
empirisches Verhaltnis fiir die arithmetische Mittelrauhigkeit hcx4 festzustellen. In einer Reihe 
sorgfaltig ausgefiihrter Versuche wurde der Einfluss von u.a. Hartmetallsorte, Werkstoff des Werk- 
stiickes, Span- und Freiwinkel des Werkzeuges, Werkzeugvorschub und Schnittgeschwindigkeit, 
untersucht. 


INTRODUCTION 


Of the factors influencing the process of machining, tool-wear seems to be of excep- 
tionalimportanceas regards economical, managerial and technical aspects, 7.e. machin- 
ing costs, production planning and quality of products, respectively ; in addition, being 
complex in nature, it provides an interesting case for the study of wear phenomena 
in general. 

In machining, relative sliding occurs on the clearance and rake faces of a tool, and 
consequently both of them are subject to specific forms of wear. The world’s technical 
literature abounds in valuable information on this subject, and without entering into 
controversial problems it can be stated that it is widely accepted practice nowadays 
in turning with carbide and ceramic tools to take a certain width of the wear-land on 
the clearance face as a criterion for tool-life. 


Only in the last few years has considerable attention been paid to the fact that, under 


* Present address: MaSinski fakultet Univerziteta, 73, B. Revolucije, Belgrade, Yugoslavie. 
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some circumstances, concentrated wear in the form of clearly defined grooves may 
develop. It is localized at the boundaries of the areas of contact between rake face and 
chip, and between clearance face and workpiece. 

Provided it is taken into account in an appropriate manner, localized wear by itself 
usually does not affect the ultimate results in rough machining. However, it cannot 
be ignored in finish turning, because the grooves on the trailing edge have a decisive 
bearing upon surface finish, dimensional accuracy, and condition of the surface layer 
of the workpiece. 


| 


| |Direction of feed 
ae SS ee 


hee: ff lee. fl 


Fig. 1. Clearance face with the typical pattern of wear in finish turning of steel. Grooves B,, B,,..., 
are under the trailing edge, groove By under the leading edge, the wear-land B being between the 
boundary regions of concentrated wear. 


Examples of concentrated wear are shown in a few microphotographs accompanying 
this paper, and with the notations on Fig. 1, the process of formation of the grooves 
may be explained as follows. In the initial stages of cutting, the groove B, forms at 
the intersection of the trailing edge with the surface already generated in the preceding 
revolution of the workpiece. The groove is not stationary but moves in the direction 
of feed with increase in its length and depth. The height of the crests on the workpiece 
iuicreases, eventually reaching the cutting edge of the tool at a distance from the first 
groove which is equal to the tool-feed, and thus the second groove is initiated. In this 
manner a number of grooves may develop in time. A similar groove appears on the 
leading edge (By, in Fig. 1), but since it has little effect upon the subject matter of this 
paper, it will not be treated in more detail. 

The phenomenon of concentrated wear was noticed quite some'time ago (e.g. CROMP- 
ToN!), and some authors offered explanations of its origins. ASKINAZI? connects localiz- 
ed wear with the “boundary effects’, PEKELHARING AND SCHUERMANN® with the 
abrasion by the crests on the machined surface, while HOVENKAMP AND VAN EMDEN* 
decided that work-hardening of the surface layer resulting in a stress concentration 
on the cutting edge is responsible for the groove-formation. According to ALBRECHT®, 
the built-up-edge escapes from the region of high pressure to the outer end of the cutting 
edge, and, being dragged over the tool-flank, causes localized wear by abrasion, while 
LEYENSETTER® supposes that it occurs as a result of the abrasive action of the particles 
of the built-up-edge already deposited on the workpiece. SHAW AND DirkE’ attempted 
to attribute the maximum width of the wear-land to adhesion between the sliding 


surfaces. 
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The main drawback in these hypotheses is the failure to consider a few of the probable 
causes simultaneously. In the author’s opinion, concentrated tool-wear seems to bea 
complex phenomenon, its intensity depending on the balance ofa number of contrib- 
utory factors. Therefore, a number of possible causes were analysed (SoLaja®), such 
as work-hardening of the surface layer, built-up-edge, surface cracks due to residual 
stresses, variations in the boundary region, deformation of the tool-nose, deposition 
of the tool-material on the surface generated, size-effect, cooling effect at the surface, 
chemical reactions at the boundary, and electric effects at the interface. It seems that, 
in accordance with the present views on the wear phenomena (BOWDEN AND TABoR’), 
the suggested factors may be reviewed under the headings of adhesive wear, abrasive 
wear, corrosive wear, and wear due to fatigue (SoLAyA!°). Apparently, the last-mention- 
ed, in close relation to the others, regulates to a great extent the groove formation. 
However, up to now no general law embracing all the influences under varying con- 
ditions (e.g. tool and workpiece material, cutting speed, tool feed, depth of cut, etc.) 
has been propounded, and research along some of the suggested lines is in progress at 
the Wolverhampton and Staffordshire College of Technology. 

As already mentioned, surface finish, in addition to dimensional accuracy and 
condition of the surface layer, is an important criterion in finishing operations. From 
previous qualitative suggestions (ASKINAZI2, PEKELHARING AND SCHUERMANN’) the 
change in the tool-form due to grooves on the trailing edge is responsible for the dete- 
rioration of surface finish ; in a thorough geometrical analysis of the wear-magnitudes, 
supported by experimental evidence, it was proved that a quantitative relationship 
exists between the two (SoLaja!?). In the following section of the paper this analysis 
is reviewed, while the main results so far obtained in an extensive research programme 
are shown in the third section. 


ns 
AN ANALYSIS OF WEAR AND SURFACE FINISH (SOLAJA??) 


Finishing tools with radiused cutting edge were employed 1n this work, and conse- 
quently the geometrical analysis is based on this tool-form. 

Resulting from the grinding process used, the clearance face of the tools may be part 
of a cylindrical or conical surface. In the latter case the resulting calculations are of 
a complicated nature, but if the clearance face is considered to be cylindrical in all 
cases, and the small helical movement of the cutting edge relative to the workpiece 
is ignored, the total error is less than 5%. 

In Fig. 2, the ideal case of a radiused tool subject to concentrated wear is shown in 
plan. Assuming that the wear-land between the grooves B, and By is of a uniform width 
B (see Fig. 1) at a particular instant, the initial tool-nose radius 7, decreases to 7; on 
the other hand, the depth of groove on the trailing edge can increase only within the 
surface generated by the leading edge in the preceding revolution of the workpiece. 
Consequently, the groove moves in the course of cutting, from the intersection of the 
fresh tool-edge with the surface generated at the start of cutting, indicated by A, to 
the point C, i.e. the distance ‘‘x’’ in the direction of tool-feed. The theoretical value 
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Fig. 2. Ideal case of radiused tool subject to concentrated wear. Direction of cutting from right to 
left. 


of the maximum roughness /imax; derived from geometrical considerations is the sum 
of two variables, h and 6 (see Fig. 2), which are functions of B,, B, clearance angle y,* 
vy, f and x. The following equation, in which all dimensions are in inches, was derived 
for the theoretical maximum roughness for a worn tool with one groove on the trailing 
edge, and its derivation is shown in the Appendix: 


hmaxt = (By, — B)tgy + (By? — B?)/D + (f — 0.065 By r9/f)'18 (v9 — Btgy). (1) 


The measured values of imax, B, and B from one series of experiments on the finish 
turning of 0.45°%-carbon steel are plotted against the length of cutting, L, in Fig. 3. 
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Fig. 3. Magnitudes of tool-wear and surface finish as functions of the cutting length L in turning 
0.45%-carbon steel (SoLaya 1"). 79 = 0.026 in. (0.65 mm), a = 0°, y = 8°, f =0.008 in./rev (0.2 mm/ 
rev), £ = 0.010 in. (0.25 mm), v = 750 ft./min (230 m/min). 


* Contrary to the practice on the Continent, in Gt. Britain rake angle is denoted by a, clearance 
angle by y. 
References p. 58 


44 v. SOLAJA VOL. 2 (1958/59) 


The magnitudes of Ama were measured on a Zeiss-Schmaltz microscope, those of B, 
and B using equipment similar to that described in the next section. From the measured 
values of B, and B, the theoretical values of /max,according to eqn. (r) were calculated, 
and they are indicated by the broken line in Fig. 3. 

In a number of similar tests good agreement was found between the calculated and 
the actual values of maximum roughness. In most of these only one groove was present 
under the trailing edge. In a more detailed analysis in the following paragraphs two 
more items are considered, namely the influence of the cutting edge adjacent to the 
wear-land and the influence of further grooves. 

According to eqn. (4) given in the Appendix, the movement of the groove is a linear 
function of its length, although it may appear from the microphotographs given in this 
paper, to be non-linear. Fig. 4 shows that the unworn portion of the cutting edge inter- 
feres with the surface already generated to the depth y, causing a ‘‘secondary”’ cutting 
action along AC’’. Owing to the occurrence of ‘“‘secondary”’ wear, the outer boundary 
of the groove is distorted, as indicated by broken line A’’C’’, whereas hax, from eqn. (1) 
is increased by A. 


Fig. 4. Clearance (above) and rake (below) faces of a tool subject to concentrated wear. Owing to 
the ‘‘secondary”’ wear, a ‘‘secondary’’ cutting edge along AC” is established, which, theoretically, 
takes place along AC” as shown in Fig. 2. Direction of cutting from left to right. 


As already suggested, the crests reaching the cutting edge result in the formation of 
further grooves. This can be subjected to a geometrical analysis, but it is reasonable 
to assume that the crests will not be reproduced to their full depth on the clearance 
face, since a part will be removed by ‘‘tertiary’”’ cutting action, thus decreasing the 
theoretical maximum roughness. 

As the ‘‘secondary”’ and “‘tertiary”’ cutting actions influence the wear in opposing 
directions, it may be possible, in a rough approximation, to ignore their total effect 
on Amax; as calculated from eqn. (1). 

Both the centre-line-average roughness hcr4 and the maximum roughness hmay are 
expressed in linear measure, but since the former is derived from an area according 
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to the equation hor 4 =1/L / i h dL, it cannot be analysed mathematically in as simple 


a manner as was possible in the case of the latter. In the following section, in addition 
to other items, an experimental approach to this problem is attempted. 


EXPERIMENTAL RESULTS 


The results so far obtained at the Wolverhampton and Staffordshire College of 
Technology are given in three sections. 


(a) Test techniques and methods 


These are similar to the methods applied in the previous experiments (Sora Ae 


TABLE I 


CHEMICAL COMPOSITION OF CARBIDE-TIPS USED 


Chemical composition in %, 


Grade 
WC TiC Co 
Seco F 1 70 25 5 
Seco S 1 77 16 i 
Seco S 2 80 II 9 
Mitia TE 75 17.5 7.5 


Different grades of carbide tools for cutting steel according to Table I were made 
from tips held in specially designed toolholders. The geometry of the tools was as 
follows: 

back-rake-angle oo —20" 10) 4-20° 

back-clearance angle y = 5° to 25° 

included angle w= SOL 

tool-nose radius y = 0.016 — 0.030 in. (0.4 — 0.75 mm) 


The final form of the cutting-edge was finished by hand-lapping using diamond paste 
of grain size approx. 3,000, and was checked under a microscope. 

The workpieces were bars approx. 5.5 in. diameter x 5 in. long, (t40 x 125 mm) 
the material being bright-drawn steel 0.25% C and forged steel 0.38% C. Each bar 
was divided by circular grooves into four separate fields. The workpieces were driven 
through a socket mounted on the spindle-nose of a high-speed lathe, the free ends being 
supported on a carbide-tipped dead-centre. Throughout the tests the depth of cut was 
0.005 in. (0.125 mm), the feed 0.0021 — 0.0072 in./rev (0.05 - 0.18 mm/rev), and the 
cutting speed 200 — 1,600 ft./min (60 — 485 m/min). It was necessary in these series 
of experiments to ensure that the tool was located in exactly the same position and 
to measure the wear im situ. The manner in which this was achieved is shown in Figs. 5 
and 6, wherein will be seen a microscope fitted with a stage micrometer and a mirror 
inclined at 45°. 
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Fig. 5. Set-up for measuring the magnitude of tool-wear in working position for cutting. 


Fig. 6. Set-up in working position for measuring the magnitudes of tool-wear. 


hcLA-values were measured on a Talysurf Model 3, every result given in the paper 
being the mean of ten measurements, and /ynqy-values were taken from pen-records, 


In a preliminary set of experiments it was found that after cutting has continued 
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Fig. 7. Amount of tool-wear and magnitude of surface finish as functions of the cutting length L 
in turning 0.25%-carbon steel with carbide-tipped tool Seco F 1. 7) = 0.030 in. (0.75 mm), a = 0°, 
y = 8°, f = 0.004 in./rev (0.1 mm/rev), t = 0.005 in. (0.125 mm), v = 900 ft./min (275 m/min). 


Fig. 8 (II) 
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Fig. 8 (III) 


Fig. 8 (IV) 


Fig. 8. Clearance face of carbide-tipped tool from Fig. 7 in various stages of the same experiment. 
The microphotographs correspond to L = 0 (sharp tool before cutting), 400, 1,600, 8,300and 33,000 ft. 
(0, 125, 485, 2,530 and 10,060 m). Direction of cutting from left to right. The increase of number 
and length of grooves under the trailing edge, and their movement in the direction of tool-feed 
may he appreciated. Photographed on a Vickers microscope, magnification x 180. 
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Fig. 9. Characteristic pen records obtained on a Talysurf Model 3 from experiments shown in Fig. 7. 


These correspond to the microphotographs shown in Fig. 8. Direction of cutting from right to left 
horizontal/vertical magnification < 2,000/100. 
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Fig. 10. Magnitudes of tool-wear and surface finish as functions of the cutting length L for various 
feeds in turning 0.38%-carbon steel with carbide-tipped tool Mitia TE. 7) = 0.016 in. (0.4 mm), 
a = 0°, y = 8°, f = 0.0021 — 0.0072 in,/rev (0.05 — 0.18 mm/rev), f = 0.005 in. (0.125 mm), 
v = goo ft./min (275 m/min). Only the wear magnitudes B and B, are entered. 
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Fig. 11. Clearance face of the same carbide-tipped tool used in experiments with f = 0.0021, 0.0046 
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Fig. 12. Magnitudes of tool-wear and surface finish as functions of the cutting length L for various 
rake angles in turning 0.25%-carbon steel with carbide-tipped tool Mitia TE. 7) = 0.016in. (0.4 mm), 
a = —20° to + 20°, y = 8°, f = 0.004 in./rev (0.1 mm/rev), ¢ = 0.005 in. (0.125 mm), v = 900 ft./min 
(275 m/min). Only the wear-magnitudes B and B, are entered. 
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Fig. 13. Magnitudes of tool-wear and surface finish as functions of the cutting length L for various 
clearance angles in turning 0.25%,-carbon steel with carbide-tipped tool Mitia TE. 7) = 0.016 in. 
(0.4mm), a = 0°,y = 5°to25° f =0.004in./rev(0.1mm/rev), t= 0.005in. (0.125 mm), v7 == gooft./min 
(275 m/min). Only the wear-magnitudes B and B, are entered. 
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for a length between 5,000 to 8,000 ft. (1,500 — 2,400 m), the value of the surface finish 
became stable and considerable wear of the tool was already present. This is indicated 
in Figs. 7, 8 and g. Asa result of these investigations, it was decided to limit the length 
of cut to approx. 8,500 ft. (2,650 m), so that all the contributory factors studied in 


this paper would be adequately allowed for. 


(II) 
Fig. 14. Clearance face of the carbide-tipped tool used in experiments with y = 25° (above) and 


5° (below) shown in Fig. 13. Direction of cutting from left to right. Photographed on a Vickers 
microscope, magnification x 180. 


(b) Review of the results 


The first of the factors, influencing surface finish generated, to be examined is the 
tool-feed, and in Fig. 10 a few of the results in finish turning 0.38% -carbon steel with 
Mitia TE carbide tools are shown. No systematic effect of feed upon the wear-magni- 
tudes can be detected within / = 0.0021 — 0.0072 in./rev (0.05 — 0.18 mm/rev) and 
for a length of cutting L “ 8,500 ft. (2,650 m), whereas the roughness increases with 
feed. It must, however, be taken into account that a different conclusion may be 
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reached if, instead of the length of cutting, the areas generated are considered ; in spite 
of the increase in roughness, wear is less with coarser feeds, and the cutting time is 
shorter. Three microphotographs of the clearance faces of tools used in these experi- 
ments are given in Fig. rr. 

The influence of rake and clearance angles upon tool-wear and surface finish in 
cutting 0.25 %-carbon steel may be seen in Figs. 12 and 13, and two microphotographs 
from the latter experiments are shown in Fig. r4. It is interesting to observe that under 
the conditions of these experiments, less wear and a better surface finish are obtained 
when using a tool with negative rake angle. From wear considerations, a greater 
clearance angle seems to be advisable. However, in addition to a slightly rougher 
surface, an increase in this angle increases the danger of mechanical break-down of 
the tool, thus reducing the range of optimum values. 
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Fig. 15. Magnitudes of tool-wear and surface finish as functions of the cutting length L in turning 
0.25%,-carbon steel with carbide-tipped tools Seco F 1, S 1 and S 2. 7) = 0.030 in. (0.75 mm), 
a= 0°, y = 8°, f= 0.004 in./rev (0.1 mm/rev), ¢ = 0.005 in. (0.125 mm), v = 900 ft./min (275 m/min). 
Only the wear-magnitudes B and B, are entered. 


A comparison of three different grades of carbide tools used in turning 0.25 °%-carbon 
steel is shown in Fig. 15. A definite improvement of results may be observed when the 
harder grade F 1 is used. When 0.38% -carbon steel was finish-turned under identical 
conditions, an increase in both the wear and the surface-finish values was detected, 
and in Fig. 16 this influence is noticeable for the carbide-tipped tool Seco F tr. 

Inall the above experiments a cutting speed of v “ goo ft./min (270m) was employed. 
A change of speed appears to affect the length of grooves and the width of wear-land, 
the relative improvement of surface finish with increased speed being due to a decrease 
in the difference (B, — B). 

Wear on the rake face seems to be of secondary importance under the conditions 


References p. 58 


=! 


54 v. SOLAJA VOL. 2 (1958/59) 


(II) 
Fig. 16. Clearance face of the carbide-tipped tool Seco F 1 when 0.25% -carbon steel (above) from 
one of the experiments shown in Fig. 15, and 0.38% -carbon steel (below) are finish-turned. Direction 
of cutting from left to right. Larger amounts of wear with the latter are noticeable. Photographed 
on a Vickers microscope, magnification X 180. 


rs S 5 : ; “ 
Fig. 17. Rake face of a carbide-tipped tool Mitia TE from the experiment with y = 25° shown in 
Fig. 13. Direction of cutting from right to left. Photographed ona Vickers microscope, magnification 
x 180. 
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of these experiments, and as an example of this, the rake face of a worn carbide-tipped 
tool is shown in Fig. 17. The shallow crater wear, the concentrated wear in the form 
of deeper grooves at the boundaries of the area of contact between rake face and chip, 
and the cross-section of the grooves on clearance face as reproduced on the surface 
generated, may be observed. 


(c) Some remarks on the results reviewed 


The analysis made at the beginning of this paper applies to the theoretical value of 
the maximum roughness as obtained with a worn tool. According to previous work 
(SoLajA!4), a connection between Amayx- and hci 4-values for sharp tools with radiused 
cutting-edges was found to exist, an approximate relation being Amay © 0.1 hcLA, 
where Amax is in microns, hc 4 in pin. 


hmax 
[microns] " 
14)— 


a (pres Zales, Aa 
O 20 a5 60 80 100 120 140 160 

hora lpin) 
Fig. 18. Correlation of hyax- and hci A-values obtained in a number of experiments from the research 
programme reviewed. Shaded rings correspond to the tests with / = 0.0028 in./rev (0.07 mm/rev), 
dotted rings to f = 0.006 in./rev (0.15 mm/rev). 


In Fig. 18 a number of the hci 4-values from the present experiments are plotted 
against the corresponding values of Amay, the gradient of the best straight line being 
less, 7.e. Amax 2 0.085 hciA. The scatter of the results is considerable, and a closer 
examination shows that the tool-feed appears to have an influence upon the gradient ; 
from 0.075 for f = 0.0028 in./rev (0.07 mm/rev) itincreases to 0.11 for f= 0,006 in. /rev 
(0.15 mm/rev). 

From eqn. (r), the difference (B, — B) determines to a great extent the magnitude 
of surface finish for a worn tool, and in Fig. 19 the hc 4-values obtained in the present 
series of experiments are plotted against this difference. The scatter is considerable, 
and again an appreciable influence of tool-feed may be noticed. The curves obtained 
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approach a straight line with increase of (B, — B), which in the present case may be 


represented by 
hcLa = 27,000 (B, — 8), (6) 


where Aca is in win., whereas B, and B are in inches. 

In a previous paper, I suggested a law governing the surface finish generated in 
fine-finish turning with sharp radiused tools in the form Aci 4 =A(r/f?)", where k and n 
are functions of various cutting factors (SoLAJA!). Owing to the occurrence of con- 
centrated wear, the surface finish deteriorates rapidly, and consequently there seems 
to be no practical use for this law when steel is finish-turned. 


© f= 0.0035-0.0060 
injrev 
® f= 0.0060-0.9075 « 


| ! i 

000 0001 0002 0,003 0004 0005 0.006 
(8,-B )[in] 

Fig. 19. hci a-values obtained in various experiments as dependent on the difference (B, — B). 


Although at this stage no definite conclusions can be drawn, it appears that the 
values k and v in this equation are functions of L, the length of cutting. In Fig. 20 the 
hci A-values obtained in experiments, some of which are shown in Fig. ro, are plotted 
against 7/f? for five values of L. The exponential law referred to in the previous para- 
graph can be applied in the present series of experiments, the values of 2 varying from 
n = —0.83 for L = 0 ton = —o.23 for L = 8,500 ft. (2,650 m), and k decreases from 
k = 10,700 for L = otok = 600 for L = 700 ft. (2t0m), after which it increases slightly. 
Only tools with a nose-radius 7 = 0.016 in. (0.4 mm) were employed. 


CONCLUSIONS 


From the work reviewed in this paper the following conclusions may be drawn: 
(1) Concentrated tool-wear, localized upon the boundaries of the areas of contact 
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Fig. 20. hcL4-values obtained in the series of experiments with varying feed shown partly in Fig. ro 
as dependent on the variable r/f* for five different lengths of cutting L. 


between rake face and chip and between clearance face and workpiece, is a specific 
phenomenon encountered in turning of steel. It causes the surface finish to deteriorate 
rapidly, and in addition it can be supposed to be associated with the dimensional 
accuracy and the condition of surface layer of the workpiece. Therefore it has to be 
taken into account when considering the operation of fine-finish turning. 

(2) Ananalysis of the wear magnitudes shows that a direct relationship exists between 
those and the maximum roughness max of the surface generated, and good agreement 
was found in the experiments. Further, it was seen that a relationship between ACL 4- 
values and wear magnitudes exists, being influenced to a considerable degree by the 
tool-feed. 

(3) The width of the flank-wear B and the length of the grooves 5,, B,, Bg, etc., 
which are important for the above analysis, as well as for the economy in cutting, are 
influenced by various factors such as tool-feed, tool-geometry, cutting speed, and 
tool and workpiece material; some interesting trends are shown. 

(4) I had previously proposed the law hcr4 = k(r/f?)”, where k and m are functions 
of cutting factors, and shown that this is valid when various materials are finish-turned 
with sharp tools. It appears from the experiments so far conducted that the same law 
may be applicable in the case of prolonged cutting, # and m being, in addition, functions 
of L, the length of cutting. In further experiments now in progress, the author is at- 
tempting to confirm this assumption, which may be of value in the practice of fine- 
finish turning. 
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APPENDIX 


Vv 
Derivation of the theoretical value of surface finish generated with a worn tool (SoLaya??) 


Following from Fig. 2, the theoretical value of surface finish hax; is 


hmaxt = jj 4. é. (2) 
With the notations in Fig. 2 


x + f/2 = [Amax}(2r — hmax;) }'!s, (3a) 


and with B w 0.75 B,, which had been derived as a mean value from a number of experiments, 
y = 7% — B tgy, and introducing 2(4v — 3 B, tgy) = K, 


x + fl2 = {[d + (f — 2x)*/K]K/4 — [0 + (f — 2¥)2/K]}}h. (3b) 


From a number of calculated values of ¥ according to (3b), it was shown that for the values of 
7), B, and f usually encountered in finish turning, x may be expressed by the equation 


*% = 0.0325 B, 7/f, (4) 
the error, for B = 0.75 B,, being less than 5%. 
Consequently, the term / in equation (2) is 


h = (f — 2*)?/8r = (f — 0.065 B, 79/f)*/8(r5 — B tgy). (5a) 


Assuming the depth of the first groove to be as shown in Fig. 2, the values of § in the eqn. (2) 
is given by 
6 = (B, — B)tgy + (By? — B*)/D, (5b) 
where the second term takes into account the influence of the diameter of the workpiece D. 


By adding (5a) and ( 5b) eqn. (1) is obtained which yields the theoretical value of surface finish 
generated with a tool having radiused tool-nose and one groove formed at the flank. 
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WEAR-PREVENTION BETWEEN 25 B.C. AND 1700 A.D. 


by 
C. ST. C. DAVISON 


Science Museum, Exhibition Road, London (Great Britain) 


SUMMARY 


In this article the author discusses the application of a lubricating process as described by ViTRU- 
vius about 25 B.C. He explains how there was a retrogression in machine-building from the decline 
and fall of the Roman Empire up till the Renaissance, when the work done by pre-Christian machine- 
builders became more generally known. Moreover, he shows that on mining-machines described 
by AGRICOLA in 1556, provision was made for an easy replacement of worn bearings, gear-teeth 
and chain-drums. He concludes his article by mentioning lathe-development up till 1701, which 
led to further improvement in the scientific design of machinery and tools. 


VITRUVIUS, who was in charge of Roman war-machines, defined a machine as a 
combination of timbers fastened together, chiefly efficacious in moving great weights. 
“Such a machine’, he wrote about 25 years before Christ, “‘is set in motion on scientific 
principles in circular rounds which the Greeks called xvxdimi) xwnows (circulation 
motion).”’ He described three classes of machines : — (a) For climbing upon and viewing 
military operations (acrobaticon) ; (b) for raising water by means of a pump (pneuma- 
ticon) ; and (c) for hoisting?. 

In VITRUVIUS’s time, however, not all machines were made of wood for he described 
a bronze water-pump made by CresiBius?. This had two cylinders from each of which 
a pipe ran upwards to a reservoir. Two pistons, which had been smoothly turned on 
a lathe, were rubbed with oil and inserted from above into the cylinders. When the 
pistons were moved by means of a linkage, water and air in the cylinders were forced 
up to the reservoir past non-return valves, which were lathe-turned and accurately 
fitted. The practical value of lubrication for the pistons was therefore well understood, 
and presumably any wear was taken up by packing, for he described also an organ 
which had pistons packed with fleeces of wool. 

Two types of bearings were employed on large wooden water-raising machines: — 
One in which the axle-shaft had iron hoops at the ends bearing upon flat pieces of 
iron on the wooden framework; and the other type in which holes were made in the 
beams and sheathed with iron to form bearings for the shaft-ends. 


Retrogression of machinery after decline of Roman Empire 
With the fall of the Roman Empire there was no marked progress of machinery 


References p. 63 


60 C. ST. C. DAVISON VOL. 2 (1958/59) 


and conditions for improvement were no better throughout the Middle Ages when the 
West was ravished by invasions. 

OriBasius described another type of bearing in which the ends of the axles had 
sockets which fitted over iron bolts fixed to the framework, (ca. A.D. 362)?. 

Because of the expense and extra work in making metal bearings most machine- 
builders were forced to employ hard wood, which of course had not the same wearing 
qualities. This type of machine-building in which mostly wood was used, except for 
bolts with cotters, nails and occasional simple metal bearings, continued for many 
centuries through the Middle Ages until in the fourteenth century wrought-iron church- 
clocks were made by blacksmiths. The axles of these clocks were at first supported 
in plain holes in the iron framework, but sometime later the holes were fitted with 
bushes made of flat pieces of brass bent into tubular shapes. The bushes, while giving 
much less friction and smoother running of clockworks, could easily be replaced when 
worn. Fig. 1 shows such bearings as these on the Wells Cathedral clock in England 
of about the fourteenth century. In larger machines such as those for grinding corn 
and for raising water, wood remained the chief constructional material. Traditional 
accounts, however, of machines by CTEsIBIuS, HERON of Alexandria, PHILON of By- 
zantium, ARCHIMEDES (287-212 B.C.), and others, must have continually encouraged 
people to aspire after improved machines for harnessing the natural powers supplied 
by wind and water. 


Fig. 1. Brass bearings were found in the wrought-iron framework of early clocks. The axles of the 
clock for the Wells Cathedral in England were supported by them after the fourteenth century. 


Machinery 1s improved during the Renaissance 
Unfortunately, records of early machines were often misinterpreted, misunderstood 
and mistranslated on the one hand, but on the other hand interesting scientific disser- 


tations started to appear in thirteenth-century English manuscripts. Then when 
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movable-type printing was invented in Germany, about 1440, more rapid development 
occurred owing to the knowledge of machines reaching the craftsmen. Philosophers 
paid more attention to technology after that and the development of science was in 
part the outcome of the practical needs of the times. Mechanical science therefore be- 
came an empirical study of problems connected with navigation, military engineering, 
hydraulics, architecture and general technology. Various war-machines reminiscent 
of those described by VirRuvius, water-pumps with hand-worked pistons, and galleys 
with water-wheels, were the subject of the first printed book on engineering which 
appeared in Verona in 14724. It was stated later in the preface of a German translation® 
of VITRUVIUS’s work that: “It had hitherto been thought impossible to make a trans- 
lation of VITRUVIUS’s work... and this book is dedicated to all architects, foremen of 
works, craftsmen, well-builders, miners, carpenters, makers of boxes of finery etc.”’ 
(1548). A resemblance can clearly be seen between some of the machines of VITRUVIUS’s 
time and those of AGRICOLA sixteen hundred years later®. The latter is believed to 
have written the earliest printed record of contemporary machines with sufficient 
accuracy and detail. Most of the machines operated in mines in the district where he 
lived. Fig. 2 shows an interesting rag-and-chain water-raising machine with a tread- 
wheel geared to a chain-drum (E) which pulled stuffed leather balls (G) fixed to the 


Fig. 2. The shafts on this water-raising machine of the sixteenth century were supported on simple 
metal bearings. The rim of the chain-wheel, and the teeth of the gearwheel, were replaceable for 
wear. (From ref.®) 
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chain through vertical pipes and raised water from a depth of 66 feet. (A plausible 
explanation for the name rag-and-chain machine is that sometimes the balls were 
made of rags.) As can be seen, the chain-drum had iron clamps and was designed for 
easy replacement of the worn rim, while the gearwheel (C) had replaceable teeth held 
to the rim by pins. The bearings were simply flat iron pieces upon which the iron jour- 
nals rested, and it would seem that the iron shoulders on the axles helped to prevent 
them from altering their lateral position. 

The lack of good tools and inability to acquire ironwork other than the hand-forged 
type supplied by local blacksmiths did of course limit engineer’s progress with machine- 
ry. Although cast gun-barrels were made for many years the art of casting axles and 
other machine-parts had yet to be developed. There were indications, however, that 
the lathe was being improved at a faster rate. Since Alexander the Great’s time (356- 
323 B.C.) it had remained little altered but now the heavier loads it had to carry and 
the increased work made improvements essential. As a consequence a larger variety 
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Fig. 3. The lathe was further developed in the sixteenth century until in 1701 it reached the stage 
shown here. The bearings were made of pewter in two halves adjustable for wear. (From ref.7) 


of more accurate tools and machine-parts appeared, which no doubt hastened the ap- 
proach to the Machine Age. Moreover it was significant that bearings of metal softer 
than the axles they carried began to appear. In addition G. AMONTON, the French 
inventor, carried out experiments and discovered the relationship between the angle 
of friction and the coefficient of friction (1699) 
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Fig. 4. This illustration shows the design of an adjustable bearing of 1701. The bearing-halves fitted 


into a wooden body and were held in position by a metal holding-down lid. Two supporting-bolts 
were screwed to the body. (From ref.’) 


Support- bolt 


This was borne out by PLuMIER’s book of 17017 where he stated in his preface that: 
“Beyond pointing out the principles of the lathe he also showed the methods of turning 
wood, ivory, iron and all other metals ; and how to turn out the perfect globe, eccentric, 
diamond-points, facets, oblong snuff boxes, etc.’’ The bearings in these lathes (Figs. 
3 and 4) showed considerable improvements as some were made of pewter in two parts 
to prevent wear of the iron journals and to simplify adjustments for wear. 

This improvement in machine-tools might be said to have coincided with the great 
increase in scientific and technical development that took place throughout the seven- 
teenth century, and Europe, which had passed through the Middle Ages beleaguered 
by war and invasions, was at last approaching a time when mankind would have the 
benefit of the machines foreshadowed by Virruvius and his contemporaries. 
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Authors’ Abstracts 


Abstracts giving more detailed information than the ‘‘Systematic 
Abstracts’’ will be selected from: 
(i) Unpublished papers read at meetings. 
(ii) Recent papers on wear and related topics published in other Journals. 
(iii) Groups of papers forming part of an original contribution from the 
same laboratory published in this issue of WEAR. 


A Comparative Investigation. of Carbide and Ceramic Tools in the Finish Turning 
of Steel 
Vie SOLAJA — Masinstvo (Belgrado), (rt) (1958) 73-86; (in Serbian), (26 fig., 23 ref.). 

In spite of the fact that the chemical, physical and mechanical characteristics of 
ceramic tools differ from those of carbide tools, the interesting appearance of concen- 
trated tool wear (i.e. the formation of grooves at the boundaries of the interfaces 
clearance face/workpiece and rake face/chip) is a characteristic phenomenon in both 
cases. 

As shown earlier, the magnitude of this wear is directly related to the surface finish 
generated. This difference being in all cases examined smaller for ceramic tools 
“Sintox”’, a better surface finish was to be expected. This assumption was confirmed 
in the experiments. 

It was shown that the wear, and accordingly the surface finish, are largely affected 
by the chemical composition and microstructure of the workpiece, as well as by the 
cutting conditions. This influence seems to differ for various tool materials. However, 
it was proved that, within the cutting conditions in our experiments, wear of ceramic 
tools was less than for carbide tools. 

Cutting with “sharp” tools is only a hypothetical case, and for practical purposes 
it is necessary to include wear in an analysis of cutting. 

(See also Wear, 2, this issue, p. 40). 


A Note on Surface Finish and Wear of Plug-Gauges of Steel 


V. Soraya — Masinstvo (Belgrado), (2) (1958) 264~265; (in Serbian), (2 fig., 10 ref.). 

The previous information is briefly reviewed and some results cf the experiments 
carried out at the Wolverhampton and Staffs. College of Technology are shown. The 
surface finish of plug-gauges seems to be an important factor: by increasing or de- 
creasing roughness of the working surfaces from an optimum value, the change of 
dimensions due to the more pronounced wear increases considerably. Thus, it might 
be possible to find out the optimum surface finish of plug-gauges as a function of the 
number of measurements which have to be accomplished, the prescribed limits, as 
well as of the costs of such gauges. 
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Lubrication by Lamellar Solids 


R. F. DEACON AND J. F. GoopMAN (Research Laboratory for the Physics and C hemistry 
of Solids, Department of Physics, University of Cambridge) — Proc. Roy. Soc. (London), 
A, 243 (1958) 464-484; (18 fig., 38 ref.). 

An experimental study has been made of the friction properties of graphite, molyb- 
denum disulphide, boron nitride and talc. The formation of surface layers of the lamel- 
lar solids on platinum, and the friction of these layers at elevated temperatures in air 
have been examined. 


There is evidence that the frictional behaviour of the solids is dominated by the 
forces acting between separate crystallites, cleavage of individual crystallites being 
of secondary importance. The structure of the lamellar solids gives rise to plate-like 
crystallites, and a large proportion of the surface area is composed of faces with rela- 
tively low surface energy, with a small proportion of high-energy edge surface. The 
edges can react with gases to give a surface of relatively low surface energy, and the 
adhesion between the crystallites is then small, giving the solids low friction proper- 
ties. In general, the removal of adsorbed gases increases the adhesion between the 
crystallites (particularly at the edges) so that the friction increases. This is observed 
for the removal of physically adsorbed volatiles from the partly ionic boron nitride 
and talc, and for the removal of the chemically bound carbon oxides from graphite. 
Molybdenum disulphide behaves differently, for with thissolid the presence of adsorbed 
water promotes hydrogen bonding between the crystallites and thereby increases the 
adhesion between them. 


Other workers have shown that the friction of outgassed graphite 1m vacuo decreases 
reversibly at high temperatures. A similar behaviour has been shown to occur for 
boron nitride in air at temperatures below that at which it oxidizes rapidly, and 
suggests its use as a high temperature lubricant. The decrease in friction is caused by 
a gradual weakening of the intercrystallite bonding as the temperature is increased. 
Small quantities of bulk impurities can have a large influence on the intercrystallite 
bonding. It is believed that the impurity responsible in the case of boron nitride is 
boric oxide, because it melts at a temperature close to that at which the reversible 
decrease in friction occurs. Thermogravimetric analysis has been used to show that 
when the materials undergo a chemical change such as rapid oxidation they no longer 
give a low friction even when present in excess on the surface. 

Electron diffraction studies show that on rubbing in air the lamellar solids tend to 
form oriented layers on the metal surface, so that the plate-like crystallites lie flat. 
The orientation does not cause the low friction, but the low adhesion between the 
crystallites allows them to become oriented in their most favourable position, and 
independently causes the friction to be low. Reflexion electron micrographs show that 
the lubricant is occluded within crevices in the surface. The micrographs of the tracks 
formed during lubricated sliding show that the metal is deformed plastically, but that 
failure occurs mainly or entirely within the lubricant. An important factor in the for- 
mation of satisfactory lubricant layers appears to be the hardness of the lubricant 
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relative to that of the metal, as the lamellar solid may protect the metal by becoming 
embedded in the surface. 


Theoretical Criteria for the Effectiveness of a Lubricant Film 
E. Rapinowicz (Mass. Institute of Technology, Cambridge, Mass.) - ASLE Transac- 
tions, I (no. 1) (in the press). 

The occurrence of galling when unlubricated surfaces are slid together is shown 
through an energy balance to be determined by the parameter W xcot6/p, where Wx 
is the work of adhesion of the system, 0 the average slope of the surface, and # the flow 
pressure of the softer metal. For lubricated surfaces, it is shown that only lubricants 
made up of very small molecules can be energetically stable on hard metal surfaces, 
and hence successful lubricants must form solid surface films. At the melting point of 
the lubricant film a transition takes place and the lubricant loses much of its effec- 
tiveness, while a second transition occurs at a higher temperature and leads to galling. 
This second transition is caused by desorption of the lubricant accompanied by a rise 
in W x, but varies widely for different metals, being influenced by their flow pressure. 


SYMPOSIUM ON CHEMISTRY OF FRICTION AND WEAR 


The Division of Petroleum Chemistry, 134th National Meeting of the American 
Chemical Society, Chicago, September 7-12 1958. 


First Session (Herman E. Ries, Jr. Presiding) 


Introductory Remarks 


HERMAN E. Ries, Jr. (Symposium Chairman) (Research Department, Standard Oil 
Company (Indiana), Whiting, Ind.). 

We have come a long way since the basic laws of friction were stated by Leonardo 
da Vinci almost five hundred years ago. In tools and techniques, we have advanced 
far beyond the relatively recent work in which Sir William Hardy indicated the role 
of oriented monomolecular films in lubrication. Nevertheless, the need for basic and 
applied research in friction, wear, and lubrication has never been so urgent as it 
is today. 

Lubrication of new materials under severe conditions will require fundamental 
information on both the lubricant and the material to be lubricated. More must be 
learned about the bulk and surface properties of lubricants and the nature of pro- 
tective films. Too little is known about the structure and behavior of the rubbing 
surfaces and their adsorption properties — both physical and chemical. The entire 
field of surface phenomena must be attacked with vigor and imagination. 
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The Effect of Adsorption of Polar Organic Compounds on the Reactivity of Steel 


Howarp F. FINLey, Jr.* AND NoRMAN HACKERMAN (Department of Chemistry, 
University of Texas, Austin, Texas). 

The inhibition of reaction between metal and an aggressive aqueous environment 
by organic inhibitors appears to be related to the extent and character of the associa- 
tion of the inhibitor molecule with the metal. This work was undertaken to provide 
information about the effect of molecular structure on such an association and thére- 
fore on inhibitor efficiency. This was done by adsorbing the polar compound onto 
the metal from non-aqueous solution first and then exposing the dried, pretreated 
metal to an aggressive, aqueous solution. It was found that over a range of molecular 
weights in homologous series of heterocyclic imines, n-aliphatic amines, and alkyl aryl 
sulfonates, the relative inhibitor efficiency is a linear function of the number of 
carbon atoms in the molecule. Further, it was noted that the introduction of a 
methylene group into the heterocyclic ring made a much greater difference in the 
inhibitor efficiency than did the substitution of a methylene group in the m-aliphatic 
amines. 


Adsorption of Radiolabeled 2-Hydroxystearic Acid from Solution onto Solid Surfaces 


Hur Ley D. Cook (Research Department, Standard Oil Company (Indiana), Whiting, 
Ind.). 

Radiolabeled 2-hydroxystearic acid was adsorbed directly on the window ofa Geiger 
tube from highly refined mineral oil solutions. Mica windows coated with thin films 
of thermally evaporated iron or gold were specially prepared for each experiment. 
Because the window remained in contact with the solution, the rate and extent of 
adsorption could be followed continuously without disturbing the system. To interpret 
the extent of adsorption in terms of monolayers, measurements were also made with 
the Geiger tube suspended above monolayers of the labeled 2-hydroxystearic acid 
on a film balance. The information thus obtained about the adsorption process is of 
primary interest in studies of friction and wear. 


The Influence of Mixed Monolayers of Surface-Active Agents on Friction and Wear 


J. H. ScHutmMaAN (Columbia University, New York). 

Oil/water contact angles, coefficient of friction, and electron diffraction have been 
used to study the adsorption of three long-chain surface substances — a fatty acid, 
a sulphate, and a substituted amine — from aqueous solution onto electropolished 
copper, aluminium, and iron. According to the pH of the solution, the adsorption 
occurs by one of the following processes (a) physical adsorption, (b) chemisorption, 
(c) adherence of a precipitate, (d) sensitised adsorption to form a mixed film, Certain 
applications, e.g. lubrication and the prevention of fretting corrosion, are discussed 
in relation to the structure and rate of adsorption of the four types of film. The first 
requirement for an efficient lubricant film is the chemisorption of the long-chain 
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compound as a basic metal soap. The film is considerably strengthened by subsequent 
adsorption of a less polar compound, such as cholesterol, by process (d). A suitable 
vehicle for the two compounds is an oil/water emulsion. 

Electron diffraction has been used the determine the physical and chemical nature 
of the electropolished metal surfaces. Acsorbed monolayers can only be detected 
on extremely smooth surfaces. A new tecl 1ique is described for depositing insoluble 
monolayers on reactive metals, which avoids the roughening of the metal surface 
experienced in the normal Langmuir-Blodgett method. 


Effects of Adsorbed Water and Surface Roughness of Glasses of Various Compositions 
on the Friction and Wear Properties of Adsorbed Fatty Acid and Amine Monolayers 
R. L. CorrincTon, O. LEVINE, AND W. A. ZISMAN, (U.S. Naval Research Laboratory, 
Washington 25, D.C.). 

Previous studies have been reported on the friction and wear properties of condensed 
monolayers of polar organic compounds such as n-octadecylamine and stearic acid 
adsorbed on soda-lime glass and stainless steel platens and rubbed by stainless steel 
balls. Results are reported of a recent investigation of the effect of using platens of 
pyrex and fused quartz and ball sliders of stainless steel, soda-lime and pyrex glass. 
As before, adsorbed organic films were prepared by retraction of the solid from solu- 
tion, retraction from the melt and vapor-condensation; the contact angle of methyl- 
ene iodide was used to define the closeness of packing of the adsorbed films; the fric- 
tion and wear measurements were made under conditions of boundary lubrication. 
Results will be presented on the effect of adsorbed water and of the smoothness of 
the soda-lime, pyrex and fused quartz surfaces on the friction- and wear-reducing 
properties of the adsorbed films. The varying moisture content of each clean surface 
with change in the relative humidity was also readily followed by measuring the 
contact angle exhibited by methylene iodide. Results obtained with polished surfaces 


were compared with those obtained using glass roughened by prolonged treatment 
with acid or alkali. 


Static Friction versus Surface Coverage 


A. G. ZETTLEMOYER (Lehigh University). 
Abstract not available. 


Second Session (W. E. Bradley, Presiding) 
Apparatus for Sliding-Contact Studies at Controlled Ambient Conditions 


K. Pitarczyk* (Trenton, N.J.) AND W. E. CAMPBELL** (Cleveland, Ohio). 
The friction and wear phenomena inherent in two surfaces in relative motion to each 
other while in intimate contact are of considerable practical importance. An apparatus 


* Director of Research and Development, DeLaval Steam Turbine Co., Trenton, New Jers 
** Consulting Chemist, 2745 Edgehill Road, Cleveland 6, Ohio. 
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is described for accurate evaluation of friction with simultaneous measurement of 
electrical contact resistance. The test samples — a hemispherical rider on a flat plate 
— are enclosed in a sealed chamber, which permits experiments to be made in con- 
trolled ambient conditions at pressures from high vacuum to about 250 psia, and at 
sample temperatures from room temperature to about 800°F. A hydraulic driving 
mechanism, free of any detectable “‘stick-slip” vibration, is capable of maintaining 
uniform speeds in a range of 10 ® to 10 ? in./sec. The load is applied by means of a 
strain element. The friction force and contact resistance are continuously recorded 
and the load indicated by two independent strain gage circuits. A few initial results 
are briefly discussed for steel against steel and against typical steel-backed journal- 
bearing overlay materials, lubricated and unlubricated. 


The Nature of the Wear Track on Single Crystal Surfaces of Copper Scratched by Sapphire 
and Metal Points 
JOHN BAILLEY AND ALLAN T. GWATHMEY (University of Virginia, Charlottesville, Va.). 

Flat single crystal surfaces of controlled orientation have been scratched with 
points of sapphire and metal. The oxide was removed from the surfaces, and the 
experiments were carried out either in hydrogen or a vacuum. The temperature was 
varied from room temperature to 800°C, and the coefficient of friction was deter- 
mined with the aid of strain gages. 

The surfaces within and adjacent to the scratch were examined with optical and 
electron microscopes and with electron diffraction. The surface adjacent to the scratch 
showed the expected pattern of slip bands. Depth of deformation and recrystallization 
within the scratch was determined by electrolytic removal of thin layers and by 
sectioning. Etching was used to reveal dislocations. 


Crystal Habits of the Corrosion Products of Gas-Metal Reactions 
E. A. GULBRANSEN, T. P. Copan, D. VAN ROOYEN AND K. F. ANDREW (Westinghouse 
Research Laboratories, Churchill Borough, Pittsburgh 35, Penn.). 

The formation of surface oxide and other corrosion films on metal surfaces is of 
critical importance in friction and wear. In the past, the oxide film has been assumed 
to be uniform and structureless. 

New work will be presented on the nucleation of oxide films on iron and the growth 
of oxide ‘“‘whiskers’’ and platelets. The oxide ‘‘whiskers” formed on iron are 200— 
tooo A in diameter and up to 500,000 A long. Thin oxide platelets 50-100 A 
thick and 100,000 A high form under the influence of stress and trace amounts of 
chloride ion. 

The relation of these non-uniform growths to friction and wear is discussed. 


The Adhesion of Metals at Room Temperature in Air 

O. L. ANDERSON (Bell Telephone Laboratories, Incorporated, Murray Hill, N.J.). 
_ The coefficient of adhesion for a number of metals has been measured as a function 
_4f normal load, tangential load, roughness, hardness, and lapsed time. (The coefficient 
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of adhesion is the force required to break the metals apart divided by the normal 

load used to push them together.) It is found that, provided there is sufficient tan- 

gential load, the coefficient of adhesion is approximately independent of all the above 
variables. The constancy of the coefficient of adhesion is similar to that of the coeffi- 
cient of friction. The magnitude of the coefficient of adhesion in these experiments 
is unity. 

From these experiments, the empirical laws of adhesion are found to be as follows: 

(x) The median adhesive force is proportional to the normal applied load. 

(2) The adhesive force is independent of the apparent area of contact. 

(3) The adhesive force is only reproducible in a statistical way: the median of a 
log-normal distribution of a set of experimental determinations is an accurate 
representation of the adhesion. 

The first two laws of adhesion paraphrase Amonton’s famous laws of friction, as 
they should in view of Bowden’s ‘“‘Adhesion Theory of Friction’’. 


Chemistry in the Six Regions of Sliding 
J. J. BrkerRMAN (Department of Civil and Sanitary Engineering, Massachusetts 
Institute of Technology, Cambridge 39, Mass.). 

The resistance to sliding has no one definite cause. It is convenient to consider six 
regions of the resistance to sliding, each differing from the others in its mechanism 
and its dependence on the external factors (such as normal load) and the material 
constants (such as viscosity). Only in two of these do chemical effects have a direct 
influence on the process, but mechanical phenomena are by far more important in all 
six regions. 

An alleged proof of the adhesion theory of friction is shown to be invalid. The 
frictional force observed in a typical experiment is much too great to be accounted 
for by the shearing strength of the material transferred from a soft slider onto a hard 
support. Computation of the work expended on the shearing of this material even 
more convincingly shows that the work of friction cannot be explained in this manner. 


Third Session (H.M. Smith, Presiding) 
Friction and Wear of Corrosion-Resistant Metals Lubricated by Reactive Gases at Tem- 
peratures to 1200°F 
DonaLp H. BUCKLEY AND RoBert L. JOHNSON (Lewis Flight Propulsion Labora- 
tory (NACA), Cleveland, Ohio). 

Sulfur hexafluoride and several fluorine-, chlorine- and bromine-substituted 
methane derivatives (Freons) were used to lubricate various corrosion-resistant high 
temperature alloys including nickel, cobalt and iron base materials. Qualitative 
corrosion studies showed the influence of ambient temperature. Quantitative friction 
wear data were obtained with a 3/16 inch radius hemisphere sliding on the flat 
surface of a rotating disk (1,200 g and 120 f.p.m.) operating in the gas at atmospheric 
pressure and temperatures from about 70°F to 1200°F. Crystalline structure and 
phase variations in reaction products were related to friction and characteristics. 
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Reactive gases were capable of providing effective boundary lubrication with several 
alloys under the conditions of these experiments. 


Chemical Atmosphere Effects in the Frictional Behavior of Molybdenum Disulfide 


A. J. HALTNER AND C. S. OLIVER (General Electric Research Laboratory, Schenec- 
tady, New York). 

A study of the frictional behavior of MoS, has been undertaken to learn more in 
detail about the effects of the atmosphere in which sliding takes place. It is of 
particular interest to see if there is some correlation with the effects of adsorbed 
vapors on other solid lubricants. 

Frictional data obtained in nitrogen in the prescence of water vapor suggest that 
a number of competing processes may be occurring. Sliding in the presence of water 
vapor produces hydrogen sulfide, and this indicates that a chemical reaction may 
account for the increase in friction. Some interesting transient effects are also ob- 
served, and these are interpreted as indications that additional processes are in- 
fluencing the frictional behavior. 


Surface Friction and Dynamic Mechanical Properties of Polymers 


A. M. BUECHE AND D. G. FLom (General Electric Research Laboratory, Schenectady 
New York). 

Results are presented of experiments on the lubricated sliding of metals on poly- 
mers over a range of speeds and temperatures. These results indicate a correlation 
between the frictional behavior of materials and their bulk mechanical properties. 

Support for the experimental correlations is presented in the form of a theory 
relating the coefficient of rolling friction to bulk mechanical properties. The theory 
may also be expected to apply to perfectly lubricated sliding where shearing forces 
have been minimized. Under the conditions of lubrication most commonly encountered, 
the sliding friction may be expected to consist of the sum of the physical property 
contribution and a shearing energy term. 


Control of Frictional Characteristics of Lubricants with Chemical Additives 


STANLEY R. SPRAGUE AND RICHARD G. CUNNINGHAM (Shell Oil Company, Wood 
River Research Laboratory, Wood River, IIl.). 

Special antifriction lubricants are required for noise-free operation of many mech- 
anisms containing wet clutches, particularly automatic transmissions. The design 
of such fluids is unique in the field of boundary lubrication in that friction level and 
response to sliding velocity are of critical importance. During clutch engagement 
antifriction action is required to minimize frictional vibrations; but following “lockup” 
a minimum static friction level must be maintained to prevent continuous clutch 
slippage. 

The control of lubricant friction characteristics has been studied in detail in 
laboratory apparatus. The importance of additive agents, additive concentration, 
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sliding speed, surface materials, bulk oil temperature and interaction of these factors, 
is illustrated. 

In practical applications the antifriction additives are frequently subject to oxi- 
dative and thermal degradation. Experimental data are presented showing that 
antifriction additive stability and also interaction with other functional additives 
must be carefully considered in the development of antifriction fluids. 


Relationship between Lubricant Oxidation and Wear. 
Part I: Friction and Wear Reduction by Fatty Acid Lubricants 


C. N. Rowe, R. S. FEIN anp K. L. Kreuz (The Texas Company, Beacon, N. Y.). 

Friction and wear performance of cetane and dilute solutions of fatty acids in 
cetane were studied with the Four-Ball Wear Machine. 

Results suggest that, after the initial stages of run-in, effective lubrication is 
provided by resinous soap-containing material formed on the wearing surfaces rather 
than by an oriented close-packed film of simple acid or soap molecules. Lubrication 
degrades when bulk lubricant oxidation becomes appreciable. It is postulated that 
the oxidation increases friction and wear because it causes the resinous lubricant 
film to (1) become sufficiently thick that it is easily rubbed from the wearing surfaces 
or (2) dissolve or disperse in the increasingly polar bulk lubricant. 


Relationship between Lubricant Oxidation and Wear. 
Part Il: Lubricant Oxidation in Wearing Systems 


C. N. Rowe, R. S. FEIN AnD K. L. Kreus (The Texas Company, Beacon, N. Y.). 

In an effort to elucidate the mechanisms of lubricant oxidation in wearing systems, 
oxidation of cetane and dilute solutions of stearic acid in cetane was studied in glass 
tubes and compared with that in a wearing system. Oxidation was followed by 
infrared absorption techniques. Iron, iron oxide powders and wear debris were studied 
for catalytic activity. 

The results show that wear promotes lubricant oxidation and that the promotion 
is principally catalytic. Further, there is strong evidence that the enhanced oxidation 
occurs in the bulk phase. It appears the principal catalysts are dispersed or dissolved 
resinous soap-containing materials formed on wearing surfaces. 


Fourth Session (Herman E. Ries, Jr., Presiding) 
Influence of Lubricant Composition on the Friction of Steel on Steel 
FRED G. Rounps (Fuels and Lubricants Department, Research Staff, General 
Motors Corporation, Detroit, Mich.). 

The operating characteristics of mechanical devices such as friction drive units and 
wet clutches are affected by lubricant composition. Friction data obtained with a 
bench test which simulates the conditions at the rubbing surfaces in full-scale 
equipment have shown that naphthenic oils give higher kinetic friction values than 
paraffinic oils, that synthetic oils give a wider range of kinetic friction values than 
mineral oils, and that some additives lower kinetic friction and/or raise or lower static 
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friction. The physical and chemical properties of films formed by lubricants on rubbing 
surfaces are believed to be responsible for the observed frictional effects. 


Lubrication with Organometallics 
MortTON ANTLER (Chemical Research Division, Ethyl Corporation, Detroit, Mich.). 

Organometallics often are very effective in reducing the friction and wear of 
rubbing metals. A systematic study was made in bench equipment with representative 
compounds, including tetraethyllead, (methylcyclopentadienyl)manganese _tricar- 
bonyl, and di-n-butyltin sulfide. These compounds were used alone or as additives 
in fluid lubricants. Many different test conditions were examined. 

Worn surfaces were studied by electron diffraction and emission spectroscopy. 
Inorganic solids derived from the organometallic were detected and usually identified. 
These solids were produced on the surfaces by the thermal degradation of the or- 
ganometallic due to localized frictional heating. In some instances, the solids, which 
include recognized solid lubricants, were derived wholly from the additive, i.e., 
without extreme pressure attack of the surfaces. 

Our expanding technology requires that new approaches to lubrication problems 
be explored. Therefore, organometallics should be considered a class of compounds 
having potential utility in lubrication. It is likely that end-use applications can be 
developed with them. 


Metallic Wear versus Phosphorus Additive Composition 
G. W. CrosBy AND E. W. BRENNAN (Pure Oil Company, Crystal Lake, I1.). 

The purpose of the presented work was to determine the effect of composition of 
organic phosphorus compounds on anti-wear and anti-seizure properties of their oil 
blends. This was done by the use of the Shell Four-Ball apparatus operated under 
various load and temperature conditions. 

It was found that a variety of phosphorus-sulfur esters have the property of delay- 
ing seizure at operating temperatures of 300—400°F but that not all of these will 
also reduce wear under mild conditions. Although a number of phosphorus esters 
containing no sulfur were effective anti-wear agents at moderate operating tempera- 
tures, none were found to possess the high temperature anti-seizure properties of the 
phosphorus-sulfur compounds. 


The Physical Chemistry of Cutting Fluid Action 
M. Eucene MERCHANT (The Cincinnati Milling Machine Co., Cincinnati, Ohio). 
Understanding of the fundamentals of the physical chemistry of the action of a 
cutting fluid in facilitating the metal cutting process is vital to the control of tool 
wear in machining, and thus to the economics of that process. Continuing basic 
research in this area has thrown much light on the mechanisms occurring. Control 
of the heat produced in cutting is the prime mechanism by which a cutting fluid 
acts to reduce tool wear, with improvement of surface finish occurring as an added 
benefit. Part of the control of heat is brought about by the direct process of heat 
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transfer into the fluid. The remainder of the control of heat is accomplished by 
reduction of friction between chip and tool. The cutting fluid has been found to 
bring about this reduction in friction at the chip-tool interface by chemical reaction 
there with the metal being machined to form low shear strength solid films. Evidence 
for this mechanism of friction reduction by chemical reaction is found in at least 
three results: (1) agreement between theoretical and experimental values of chip-tool 
friction reduction, (2) direct chemical detection of the products of reaction, and (3) the 
discovery that the cutting process can be used to activate gross chemical reactions 
between solids and fluids. 


On the Action of Metal Cutting Fluids at Low Speeds 
Mitton C. SHAw (Massachusetts Institute of Technology, Cambridge, Mass.). 
Fluids used in metal cutting may be classified into those that are most useful at 
low speeds and act predominantly as lubricants and those that are most useful at 
high speeds and act predominantly as coolants. The low speed materials function by 
reacting chemically with the chip to form a solid layer which prevents welding and 
metal transfer between chip and tool. Since effective fluids of this type cause a 
decrease in the cutting energy and all forces, it has been thought that they function 
by providing a low shear strength film between chip and tool. A recent study of the 
action of low speed fluids indicates that one of their requirements lies in the ability 
to produce a high shear strength layer. Data supporting this high shear strength 
idea are presented together with an explanation for the paradox. 


Systematic Abstracts of Current Literature 


Prepared by Battelle Memorial Institute, Columbia, Ohio, U.S.A. 


Reprinted from Battelle Technical Review 
1958 


These Abstracts are taken from the selection made by Battelle Staff. Occasionally short abstracts 
prepared by the editor are included in these series. Papers reported as Authors’ Abstracts will not 
be mentioned here but a special Subject Index will combine all abstracted matter at the end of 
this volume. 

The classification used for arranging abstracts is meant only to assist the reader of this issue 
in tracing a particular subject. Sub-divisions within each group are arranged to bring similar 
topics together. Classification in different issues will vary slightly in order to increase readability. 


(Ed.) 


1. DEFORMATION AND FRACTURE 


Fracture of Metals. Some Present-Day 


of the mechanism by which the crack can 
Thoughts on Crack Initiation and Propaga- 


grow and propagate. Relationships between 


tion. yield stress, fracture stress, and grain size; 
W. D. Biggs. Ivon & Steel, v. 31, Feb. 1958, influence of O on fracture stress of Fe-O alloys; 
Pp. 57-60. a possible relationship between yield delay and 
Development of conditions for crackinitiation failure. 


at blocked slip bands, with brief consideration 
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Hydrogen, Crack Initiation, and Delayed 
Failure in Steel. 

H. H. Johnson, J. G. Morlet, and A. R. Troia- 
na. U.S. Aiv Force. Wright Aiy Development 
Center. WADC Technical Report 57-262, May 
1957, 44 pp. (TL507 Un3.18w Vis.) 

Crack initiation and propagation are control- 
led by an interaction between H concentration 
and triaxial stress state. The incubation pe- 
riod for crack initiation is interpreted as the 
time required for diffusion of a critical amount 
of H. 
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Brittleness of Steel Caused by the Process of 
Investigation, and Method of Detection. (in 
Russian) 

K. M. Pogodina-Alekseeva and G. I. Pogodin- 
Alekseev. Zavodskaia Laboratoriia, v. 24, no. 
2, 1958, p. 198-301. 

Method for determining the factors causing 
brittleness other than that characteristic of 
the initial metal. 


2. FRICTION 


2.1. General 


Contact of Metallic Bodies: Effect of Tan- 
gential Force. 

J.S.Courtney-Pratt and E. Eisner, Engineer- 
ing, v. 185, Feb. 7, 1958, p. 182-183. 

A study of the relative tangential movements 
of two bodies and the size of the area of con- 
tact between them, when they are first loaded 
normally against each other and then subject- 
ed to tangential forces too small to cause 
sliding. 


Sur quelques problémes de frottement du 
turboréacteur atar. 

Some Problems of Friction in the ATAR Tur- 
bojet. 

K. Touré and R. Lerner, Revue de I’ Institut 
Frangais du Pétrole et Annales des Combustibles 
Liquides, v. 12, Nov. 1957, p. 1198-1214. 
Particular stress is laid on friction between 
the shaft and pinions of the fuel pump. 


On Fluid Friction of Rotational Rough Disc 
in a Rough Vessel. 

K6mei Watabe. Bulletin of JSME, v. I, no. 
1, Jan. 1958, p. 69-74. 

Relative roughness of the disc surface was 
varied by changing the size of the sand-grain 
and increasing or decreasing the axial and 
radial clearances. 


2.2. Materials 


Properties of Friction Materials. I. Experie 
ments on Variables Affecting Noise. II 
Theory of Vibration in Brakes. 

P. R. Basford and S. B. Twiss. ASME, Tvans- 
actions, v. 80, Feb. 1958, p. 402-410. 
Measurements of the friction of various brake 
linings against polished iron were made at 
speeds so low that surface temperature could 
be neglected. A theory of vibration in brakes 
is developed, based on the statistical nature 
of friction. 


Friction Studies of Various Materials in 
Liquid Nitrogen. 
D. W. Wisander, W. F. Hady, and R. L. John- 


son. U. S. National Advisory Committee for 
Aeronautics, Technical Note 4211, Feb. 1958, 
35 pp. (TL570 Un3t). 

Graphite-filled Teflon gave lower friction coef- 
ficient (0.15) and wear than other materials, 
including rolling-contact-bearing metals, me- 
chanical-seal-type carbons, phenolic lamina- 
tes, and a cermet. Phenolic laminates gave 
relatively high friction (>0.5). 


The Friction Coefficients of Graphite at 
Extreme Temperatures. 

Paul Wagner and Allen R. Driesner. Los Ala- 
mos Scientific Laboratory (U.S. Atomic Energy 
Commission), LA-2146, Jan. 1958, 20 pp. 
(UF767 U3La Contin.) 

Static and kinetic friction coefficients were 
measured as a function of surface conditioning 
and temperature up to a maximum tempera- 
ture of 2450 °C. The most significant effect was 
found to be due to the conditioning of the 
contact surfaces by polishing action. 


Friction and Abrasion Characteristics of 
Plastics Materials. 

M.A. Marcucci. SPE Journal, v.14, Feb.1958, 
P- 39-33. 

Equipment and procedures used in determin- 
ing the frictional properties of materials after 
extended periods of contact with metal riders 
at relatively high loadings and rates of speed. 


Frictional Temperature Rises on Rubber. 
A. Schallamach. Rubber Chemistry and Tech- 
nology, v. 30, Oct.-Nov. 1957, Pp. 1097-1102. 
Frictional temperature rises and frictional 
forces on rubber at velocities up to about 400 
cm/sec were determined by employing a ther- 
mojunction as slider. 


The Mechanism of Friction of Rubber. 

S. B. Ratner. Rubber Journal and International 
Plastics, v. 134, no. 13, Mar. 29, 1958, p. 486 
+ 1 page. (Translated from Kolloidnyi Zhur- 
nal, v. 19, NO. 3, 1957, P- 394-396.) 


76 LITERATURE AND CURRENT EVENTS 


VOL. 2 (1958/59) 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


Von unserem Wissen iiber Reibung und 
Schmierung in geschichtlicher Betrachtung. 
Historical Survey of Our Knowledge of Fric- 
tion and Lubrication. 

Technik, v. 13, no. 1, Jan. 1958, p. 38-40. 


Beeinflussbarkeit von Reibung und Schmie- 
rung durch Zusatzstoffe. 

The Influence of Additives on Friction and 
Lubrication. 

Georg. R. Schultze. VDI Zeitschrift, v. 100, 
no. 4, Feb. 1, 1958, p. 146. 

Definition of the terms ‘‘friction’”’ and “‘lubri- 
cation’; the Stribeck-diagram and ‘“‘mixed 
friction’; reasons for introducing additions; 
various types of additives and their effects. 


Effect of Lubricant Base Stock on Rolling- 
Contact Fatigue Life. 

Thomas L. Carter. U. S. National Advisory 
Committee for Aeronautics, Technical Note 
4161, Feb. 1958, 28 pp. (TL570 Un3t). 

A methyl silicone, mineral oil, glycol, seba- 
cate, and an adipate were tested as lubricants 
using groups of 4-in. air-melt AISI M-1 tool- 
steel balls under rolling-contact fatigue con- 
ditions in the fatigue spin rig. Lubricants 
whose viscosities were increased the most by 
pressure produced the longest fatigue lives. 


Effect of Temperature on Rolling-Contact 
Fatigue Life With Liquid and Dry Powder 
Lubricants. 

Thomas L. Carter. U. S. National Advisory 
Committee for Aeronautics, Technical Note 
4163, Jan. 1958, 40 pp. (TL570 Un3t). 

The fatigue life of AISI M-1 tool steel was 
determined at 100, 250, and 450 °F with di(2- 
ethylhexyl)sebacate lubricant and at 450 °F 
with dry MoSg and graphite powders. 


Roll-Neck Bearing Lubrication for Rubber 
and Plastics Calenders. 
K. J. Gooch and W. C. Whittum. Plastics 


Technology, v. 4, 1958, p. 339-343; 12 fig. 
No ref. 

Results of tests reported can serve as the basis 
for design and operating factors needed for 
reliable operation of the calenders under cur- 
rent conditions (Ed.). 


3.2. Lubricants 
Solids 


The Use of Polytetrafluoroethylene as a 
Lubricant. 

E. Kay and E. D. Tingle. British Journal of 
Applied Physics, v. 9, Jan. 1958, p. 17-25. 


The low strength and poor thermal conduc- 
tivity of P.T.F.E. in bulk form are overcome 
by the deposition of thin films of P.T.F.E. on 
metal substrates. Tenacious films of low fric- 
tional coefficient and high load-carrying ca- 
pacity can be prepared. These properties are 
enhanced by a surface phosphating treatment 
prior to applications of the P.T.F.E. 


Application of Dry-Film Lubricants in Plain 
Bearings. 

M. H. Weisman. Machine Design, v. 30, Feb. 
6, 1958, p. 107-110. 

Factors influencing application and perform- 
ance of recently developed dry-powder 
forms of lubricating materials in plain bear- 
ings. 


Radiation damage 

Radiation Damage in Lubricating Greases. 
B. W. Hotten and J. G. Carroll. Industrial and 
Engineering Chemistry, v. 50, Feb. 1958, p. 
217-220. 

When exposed to radiation, greases usually 
soften and then harden. Controls for this break- 
down are suggested. 


Radiolysis and Radiolytic Oxidation of Lu- 
bricants. 

R. O. Bolt and J. G. Carroll. Industrial and 
Engineering Chemistry, v. 50, Feb. 1958, p. 
221-228. 

Various organic fluids were exposed in a nu- 
clear reactor and to y radiation alone. Suscep- 
tibility to attack varied widely, aromatic ma- 
terials being the most resistant. Oxidation 
was greatly accelerated. 


Materials 


New Lubricants and Hydraulic Fluids for 
High Temperatures. 

E. D. Brown, Jr. Materials in Design Engi- 
neeving, V. 47, Apr. 1958, p. 124-126. 

Three new silicone fluids can be used as hy- 
draulic fluids and lubricants over the range 
of —65 to 700 °F. 


Compatibility of Greases. 

R. Tourret and A. J. S. Baker. Institute of 
Petroleum, Journal, v. 44, Jan. 1958, p. 9-13. 
A number of mixtures were tested in the ASTM 
Wheel Bearing Grease Tester. Mixing by 
means of a grease worker was preferred. The 
occurrence of incompatibility of the greases 
tested was found to be unrelated either to 
unsatisfactory performance of one of the com- 
ponents forming the mixture or to mixtures 
of greases containing soaps of different bases. 


(to be continued in the next issue) 
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Bibliographies 


TLL ee 


Reference will be made to 
(i) Titles in English of recent lectures or reports that are not yet 
available. 
(ii) Unpublished information on wear research mentioned in Annual 
Reports of Institutes. 
(ii) Titles of review articles, containing pertinent information on wear, 
which are not covered by Systematic Abstracts. 
(iv) Information on new Books and Periodicals. 


FRICTION, LUBRICATION AND WEAR RESEARCH IN U,S.S.R. 


Third All-Union Conference on Friction, Wear and Lubrication of Machines, Moscow 
gth to 15th April, 1958 


The following are the titles of the preprinted abstracts of the meeting. 


Section I. Hydrodynamic Theory — Friction and Bearings. 


ALEXANDROV ef al. Hydraulic rig for testing large plain turbine bearings. 

BuLovskI. Friction process in heavily loaded rolling mill bearings. 

Bareits. Stability of motion of journal in bearing taking into account shaft stiffness and film 
resistance. 

VinoGRADOVA. The effect of emulsibility of oils on plain bearings. 

GuLBuv. The motion of a viscous incompressible liquid in small clearances in laminar and 
turbulent conditions. 

DyacHkov. Study of hydrostatic thrust bearings. 

DyacHkov. Study of thrust bearings having a complex flow pattern. 


. SomMER. The use of plain bearings in rolling mills working with frequent reversal andimpulsive 


loads. 


. Ivanov. New approximate method of bearing calculation. 
. Kapran. Thrust bearings for extra large hydro-generators. 


KARATZSHKIN. On the safe working of bearings during transitional (unstable) regimes. 
KLEIMAN. Segmental bearings for horizontal electric motors at the Electrosila Factory. 


. Kopnrr. Contribution to solution of contact hydrodynamic problems. 


KOROFCHINSKI. Some problems on hydrodynamic theory with deforming surfaces. 
KoroFcuHinskI. Non-stationary motion of the journal in a bearing. 
Korova. Theory of lubrication of cylindrical roller bearings with visco plastic lubricants. 


. Kunin. Development of hydrodynamic theory of thrust bearings. 


Kutauv. Theory and calculation of bearing under variable load. 
MaxkoveENnko. Oil circulation in a model of a thrust bearing oil bath for large hydroturbines. 
Orco. Application and study of thrust pads of hydro-turbine bearings. 


. Parain. Calculation of thrust bearings with complicated boundary conditions. 
. TriFonov. Load carrying capacity of high speed thrust bearings. 


TyaBin. Rheodynamical theory of visco plastic deformation. 
KuHANOVICH. The theory of plain surfaces (thrust bearings) with liquid lubrication. 
SHKLYAR AND TYABIN. Flow of lubricants through labyrinth packings. 


Section II. Lubrication and Lubricating Materials 


atom 


A.suits. Experience in applying molybdenum disulphide. 


. BezBoropxo et al. The effect of the constitution of petroleum lubricants and of the nature 


of gaseous environment on anti-wear properties. 

VeELIkovskt et al. The viscosity characteristics of oil mixtures of different chemical composition 
and of the greases formed from them. 

VENTSEL. The contact effect on wear as a factor of oil oxidation of I.C. engines. 
VISHNYKOV AND LEBEDEV. Abrasive wear in rolling bearings under lubricated conditions. 
VOLAROVICH AND VALJEDMAN. Study of lubricating oil viscosity properties at low temperatures 


with high polymer additives. 
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VoLAROVICH et al. Comparative mechanical testing of mineral oils on various laboratory oil 
testing machines. f 
ZASLAvsku et al. The mechanism of protection of frictional surfaces from fretting corrosion 
by using oil additives. ; 

Kiimov AND ZARuUDNI. Mechanical destruction of solution of polymers in flow. 

Kuimov AND KIscukIN. Critical temperature of an oil film during sliding contact of steel sur- 
faces and the dispersal properties of the lubricants. 


. KoLesnikov. Peculiarities of behaviour of plastic lubricants in rolling bearings. 

. Krein. Oil of optimum chemical structure. 

. Kuznetsov. A rational method of lubricating automobiles using pressure nipples. a 

. Kuttev. Proceedings of the work of the Scientific Institute of the Oil Industry of Azerbizhin 


in synthesis, study and application of additives in lubricating oils. 


. Kusakov et al. Effect of temperature and pressure on mixtures of mineral oils and silicones. 


Lazovskava. Determination of critical oil film temperatures between steel and antifriction 
alloys. 


. LEBEDEV et al. Selection of lubricating materials for reduction gears at low temperatures. 
. LeBEDEV. Wear of components with various ways of filtration in an automobile engine system. 
. MESHCHANINOV. The practical significance of various laboratory parameters of the mechanical 


properties of plastic lubricants. 


. Morozova. Anti-wear action of organic sulphur compounds as oil additives. 

. Paviov. Elastic strength properties of lubricants. 

. Paviov. Thermal effects during plastic lubricant flow. 

. Popotski. Test machines for anti-wear and anti-friction qualities of lubricants at high contact 


pressures and high speed of sliding. 


. PucHkov AND Borowya. Change in chemical constitution and properties of oils when working 


in an engine. 


. Ramatrya. The mechanism of corrosive attack and the preventive action of additives in oils. 
. RosENBuURG. Mechanical testing of lubricating oils. 

. SANIN et al. The effect on wear of synthetic additives in lubricating oils. 

. SEMENIDO. New types of oils and their effect on engine wear. 

. SINITSYN. Surface friction and internal friction of plastic lubricants. 

. TRAKTOVENKO. Engine (automobile) wear with different oils. 

. Firsanova. A new accelerated method for oils for tractor Diesels. 

. Fuxs et al. Application of synthetic esters as lubricating oils. 

. Fuxs AND KaAveERINA. The lubricating effect and qualities of boundary oil films. 

. TsURKAN. Working out results of wear tests of oils on machines with point contact friction 


surfaces. 
ELovicu. Theoretical basis of the demands for functional properties of oils of 1.C. engines. 


Section III. Dry and Boundary Friction 


I. 


ts 


AKHMOTOV. Physical properties of boundary lubricating films in terms of the structural 
mechanism of the molecules composing them. 

AKHMATOV AND KosHLakova. Measurement of elastic constant of boundary lubricating films. 
BARTINEV AND LAVRENTJEV. The friction of rubber. 


GALEV AND Perscuiz. Peculiarities of sliding friction of a material point moving on anisotropic 
surface. 


. GALCHENKO AND SPERANSKI. Physical properties of surface layers and temperature of friction. 


GARKUNOV. Some general relations of metal wear in dry and boundary friction and ways of 
reducing it. 

GLAGOLEV. Frictional work and wear of rolled bodies. 

DERJAGIN et al. Theory of friction of solids with periodic stopping. 

DERJAGIN e¢ al. New method of checking the two term law of friction. 


DYACHENKO AND TOLKACHEVA. Determining the real area of contact of surfaces pressed 
together. 


. Epiranov. Friction studied as resistance to shear and thin layers of solid bodies. 

. Epiranov anp AvetisjAN. The mechanism of lubrication of boundary films. 

. Kosrkov. Coefficient of static friction on rails. 

. KosETETRIN. Relaxation oscillations and the change in frictional force during frictional contact 
. Kupinov. Theory of semi-fluid friction. 

- Kuprnov. The thermal problem of friction and seizing (scuffing) 
. MarosHKIN. Contact resistance of surface films under elasto-plastic deformation. 
- MisHarin. A check on applying Blok’s theory to the scuffing of gears. 

. NovopoLoskil. Some mechanics problems in the rolling of an automobile wheel. 
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- Parcin. Temperature distribution within a bearing pad. 

. PLuTaALova. Contemporary ideas on the friction between metal and graphite. 

. Ratnir. Rubber friction. 

. Ratnir et al. Wear of rubber and the function of swelling. 

. SUKHOV. Temperature measurements in solid friction. 

. CHATYNYAN. Wear of metals and alloys at high temperature with dry friction. 

. CHERTAVSKIKH. Effect of gases on the external friction of Sh. 15 steel on iron nickel. 

. SHCHEDROV. A development of the thermal problem of friction. 

. SHCHEDROV ef al. The effect of temperature distribution on coefficient of friction and wear 


of frictional pairs and problems of thermal simulation during friction. 
ERLIKH. Surface disintegration due to multiple contact loading. 


Section IV. Wear and Wear Resistance 


i. 


nN 


AINBINDER. Mechanical properties of metallic surfaces and their effect on the development 
and breaking down of seizure in friction. 

BEZBORODKO. Wear of steel and bronze at high specific loadings with organic and inorganic 
lubricants and abrasives. 

BusHE. Reasons for crankshaft bearing damage in heavily loaded Diesels. 

BASILENKO et al. Wear resistance of high duty cast iron. 

VinoGRADOV. Effect of sulphides on friction and wear of metals. 

GenkIN. Method of testing oils for anti-weld properties and of gears for scuffing. 
GONCHARENKO. Some results of studies of tractor Diesel piston rings. 

GorB. Resistance of high duty steels to plastic deformation under volumetric non-uniform 
compression at high temperatures. 

Grozin. The structural condition of active metal layers and their effect on wear resistance 
and endurance of machine components. 


. DoLtGoLenko. The effect of direction of machining marks on the character and magnitude of 


wear of friction pairs during running in. 


. ZAMORUEV ef al. The appearance of martensitic regions on the surface of hard drawn wire during 


drawing and in the use of cables. 


. YOKHELITZ AND STARZEV. Stresses and structural changes in steel during wear. 
. Kistik. Wear and surface damage on freight wagon wheels. 
. Kioxova. The effect of mechanical properties of surface films on friction welds under high 


normal loading. 


. KostetsxiI et al. Classification of metals and alloys in terms of their wear resistance. 


KostTeEtsku et al. Secondary structures on friction surfaces and metallic wear. 


. KRAGELSKI. Disintegration of friction surface and estimating intensity of wear. 

. Kusmin. A study of surface scuffing of steel rollers at high sliding speeds. 

. KUNIN AND Soxo.ova. Isothermal metal wear under the influence of leather polisher. 

. Kuritsyna. On establishing a relation between anti-friction properties of metallic alloys and 


their running-in ability. 


. LomMARKIN. The wear resistance of enamelled surfaces. 

. Lyusarski! et al. Dynamics of structural changes during wear. 

. MARKHASIN AND WINOGRADOV. Raising wear resistance of rock drills. 

. Matveevski. Laboratory study of abrasive wear of steel under reversing rotational motion. 
. Narsxiku. Analysis of journal wear in Diesel railway locomotive D.50 and method of meas- 


uring the wear. 


. NELIDov. Study of relation between the wear resistance of chromium plating and the sliding 


speed and specific pressure. 

Nemxkoy. Improving wear resistance of cast iron components by isothermal treatment. 
PoLatnik et al. Some problems in the physical theory of metallic wear. 

PoLosaTKIN. Measurement of scratching force at velocities of 100 to 700 metres/sec. 


. Potxkov. Study of anti-friction qualities of chromium plating on a rolled surface when working 


against cast iron. 


. Preis. Wear resistance of steels, cast irons, bronzes and chromium plate under different 


wearing conditions. 


. Pronrkoy. Fundamental questions in the calculation and design of machinery for long endu- 


Tance. 


. Puzanxkov. Smoothness of crankshaft surfaces and bearing bore in GAZ.51 truck. 


RYATCHENKOV AND MurRAvVKIN. Fretting corrosion of machine details as a special case of 
corrosion-abrasive wear. 


. SavareEts. Hard porous electrolytic hardening of piston rings. 


Savitskul. Relation between abrasive metal wear and the strength characteristics of the lattice. 
Savitsku. On the laws of plastic deformation in metal friction. 
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38. SEMENOV. Problems in the theory of metal seizure. = ce 

39. SEMENOv. Comparative evaluation of anti-scuffing materials and their combinations. 

40. SIVYAKOVA. Study of scuffing process in materials used in worm gears. — tt 

41. SLINKO. Changes in wear resistance of anti-friction alloys as a result of irradiation. es 

42. SUKHARINA. The magnitude and sign of residual stresses under various friction conditions. 

43. FrposEv. Instruments to determine the rolling friction and surface smoothness of accurate 
rolling bearings. | 

44. CHESTNOV. The effect of final machining of shafts on the wear resistance of shafts and bearings. 

45. CHESTNOV. Laboratory study of contact fatigue of rolling surfaces. 

46. SHEVCHUK. The effect_of circumferential residual stresses on the wear resistance of refined 
normalised 45 steel. 

47. YANEVICH. Improving the wear resistance of steel by machining with a jet of compressed high 
temperature gases. 


Section V. Friction and Anti-friction Materials 
1. AtsHits. New non-metallic materials and their range of application. 
2. BaraBasH. About anti-friction. 
3. Bus AND Dyacukov. The range of rational use of different anti-friction alloys. 
4. VUKOLoy. Friction materials used for brake shoes on railways. 
5. GRETSHIN. Frictional cast irons. 
6. ZILBERG. Results of widespread application of aluminium alloys for heavy tractor Diesel 
bearings. 
7. INSHAKOV AND GoLovanoy. Raising the anti-wear characteristics and service characteristics 
of friction absorbing apparatus of automatic couplings of railway. 
8. KRAGELSKII AND GUDCHENKO. The fundamentals of producing friction materials. 
g. KRASNICHENKO. New anti-friction materials obtained by metalisation. 
10. LARIN AND DEVJATKIN. Ways of improving friction and wear properties of cast iron brake shoes 
in railway rolling stock. 
11. MISHKIND. Some problems in friction of metal oxide ceramic pairs. 
12. Narpov. Development and study of ceramic friction materials for heavily loaded brakes. 
13. PyzuHeEvicn. Distribution of specific pressure in brake shoes due to heating and choosing op- 
timum friction areas. 
14. RUDINITSKI. Experience in applying new anti-friction alloys in automobile bearings. 
15. CHUPILKO. Temperature attained by components of an aeroplane brake and the subsequent 
cooling. 


FRICTION AND WEAR RESEARCH IN POLAND 


Communication from Physics Department of Politechnika Krakowska 
Professor M. HALAUNBRENNER, Podchorazych-Street 1, Krakow-Poland. 


Publications 
The Influence of Anisotropic Surfaces on the Rolling Resistance of a Cylinder (in Polish) 


J. HALAUNBRENNER, Czasopismo Techniczne (Krakow), 62 (6) (1957) 4 p.; (8 fig., 4 ref.). 

The directional resistance of a rolling cylinder on anisotropic surfaces was measured. Natural 
anisotropy was found in wood and NaCl monocrystals, artificial anisotropy was produced by 
machining. 


Development of Present Knowledge on Friction and Problems of Contemporary Re- 
search. Part I-IV (in Polish) 


M. HALAUNBRENNER, Fizyka w Szkole, (1956-59). A review. 


Lectures 
Papers presented at the 15th meeting of the Polish Physical Society, November 1957, Warsaw 
(short abstracts in Polish). ’ 
Contributions from the Physics Department, Krakow: 
J. HALAUNBRENNER The magnitude of adhesion forces in rolling friction. 
M. HALAUNBRENNER The influence of anisotropic surfaces on the rolling resistance of a cylinder. 
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P. SUKIENNIK The friction of ropes. 
M. HALAUNBRENNER The friction of plastics. 
S. SUKNAROWSKI AND 
B. ZayaczKowski ‘The friction and adhesion of rubber. 
A. Hanxus The polymerization of lubricant oils. 
T. PETtRYS The influence of cooling and of lubricants on the friction and the mechan- 
ical resistance of metals. 


FRICTION AND WEAR RESEARCH IN INDIA 


Annual Report 1956-1957 of the Council of Scientific and Industrial Research, New Delhi, India 


Reference is made (on page 24-25) to the following research items at the National Metallurgical 
Laboratory, Jamshedpur. 


Friction Materials with Defined Friction Coefficient 


The Indian Railways are interested in obtaining a combination of materials with an initial coef- 
ficient of friction of 0.10-0.12, the coefficient not to exceed 0.16 under service. 

In order to study the frictional properties of different pairs of mating materials, a quick and 
accurate friction measuring arrangement has been developed. To simulate service conditions, it 
was found necessary to develop an equipment for measuring friction under high load and recipro- 
cating sliding motion. 

Several types of bearing alloys, like copper-lead alloys and aluminium bronzes are being tested 
against a fabric liner supplied by the Railways. 


Wear of Rails, Wheels and Tyres 


Wear products resulting from rolling of wheels and tyres on rails act as abrasers and enhance 
wear. It was also found that the removal of worn-out material from rails and wheels causes minute 
pits on the surface. 

Systematic study on the effect of load on friction and the resulting wear-loss in the absence of 
abrasive wear has led to the following results: the average wear-loss of rail due to frictionis constant 
for a given load; the average rate of wear increases with the load at first steadily, thereafter at a 
faster rate, finally attaining almost a steady value for higher loads; the coefficient of friction is 
independent of load; the average rate of wear is not wholly governed by the force of friction; 
even if the friction coefficient is constant, the rate of wear does not increase proportionally with 
load at higher loads; wear is due to the combined effect of surface oxide film, formation of micro- 
welds and subsequent tearing off and failure of work-hardened surface layer due to fatigue. 


WEAR RESEARCH IN JAPAN 


I. Wear Measurements on Gray Cast Iron. 
il. Three-dimensional Diagram for the Production of Wear-resistant Gray Cast 
Iron (in English) 
K. Ito (Iwateken University, Kitakamiski, Japan) J. Fac. Agr. Iwate Univ., 3 (3) (1957) 277- 
286 (14 fig., no ref.); 4 (4) (1958) 546-565 (14 fig., 3 ref.). 

Part I. Development of a testing method, different types of wear. 

Part II. Metallographic study; influence of microstructure; special attention is given to the 
influence of Mn on the wear resistance of pearlitic cast iron. 


WEAR PREVENTION IN GERMANY 


Dev Maschinenschaden (Munich), 30 (1957) 142 pp. 
Numerous ref. to damage of machines due to fracture and excessive wear of machine parts. 


82 LITERATURE AND CURRENT EVENTS VOL. 2 (1958/59) 


Forthcoming Events 


rr 


Notice of conferences, meetings and discussion panels will be given in 
this section. Its purpose is also to assist readers in finding names and 
addresses of technical groups interested in the various aspects of friction, 
lubrication and wear. 


American Chemical Society 


National Meeting, Chicago, September 7-12, 1958 


DIVISION OF PETROLEUM CHEMISTRY 


H. M. Situ, Chairman; B. M. Sturats, Secretary. 


SYMPOSIUM ON CHEMISTRY OF FRICTION AND WEAR 


Herman E. Rtgs, (Symposium Chairman), Presiding. 
22 papers; see Authors’ Abstracts of this issue. 


International Conference on Gearing 


Arranged by the Institution of Mechanical Engineers 
London: 23rd—25th September 1958 


About 40 papers will be discussed in Sessions on: 


Gear Tooth Loading — Tooth Forms, Stresses and Failures — Lubrication — Production of Large 
Gearing — Production of Medium Gearing — Measurement and Applications. 


Book Reviews 


LLL 


Electric Contacts Handbook, by RAGNAR Hotm aided by Erste Hot (Springer-Verlag, Berlin, 
1958). 24 X 17 cm; xviii + 522 pp.; 194 fig.; DM. 52.50. 


Ata time when the problem of wear was scarcely considered a respectable subject for fundamental 
studies Dr. RAGNAR HoLM acquainted himself with the phenomena leading to the ultimate dete- 
rioration of electrical contacts. His first work performed on a modest scale in Sweden was followed 
by an uninterrupted period of research, lasting nearly 20 years, in the laboratories of Siemens. 
After 1945 Dr. Horm migrated from Berlin to the United States only to continue his work — to- 
gether with Mrs. Etse Hotm — at the laboratories of Stackpole Carbon Company (Maryland). 

The outcome of his research was first published in German (Springer, 1941), followed by a 
revised edition in English (Geber, Stockholm, 1946) and is now presented in this enlarged third 
edition. The arrangement of the subject matter remained the same throughout these three phases, 
as did the majority of the drawings and of the tabulated material. 

There are three parts : Stationary Contacts (198 pages), Sliding Contacts (go pages) and Switching 
Contacts (107 pages). The collection of facts in parts I and III should be of great value to electrical 
engineers but also to the student of wear. 

Part IT, Sliding Contacts, has been considerably expanded in comparison with earlier editions, 
in which Dr. Horm gave essentially an account of his own research. What has been added is a dis- 
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cussion of recent work performed by others. The chapters make no easy reading, e.g. when the 
much discussed proposal of a “general coefficient Z’”’ is defended (p. 247) by the author. 

While the earlier editions ended with an attractively written brief history of the subject, some 
7° pages have now been added containing a series of appendices in which basic concepts, ranging 
from hardness to hydrodynamic lubrication and from potential barrier to plasma, are explained. 
In the opinion of the reviewer the designation ‘‘Handbook’’ is not justified, either by this expansion 
or by the addition of a rather sketchy paragraph on the choice of materials. ; 

As an up-to-date source of reference to work that is frequently not easy to trace and still more 
difficult to correlate, this new edition is highly welcome, but the charm of the original pioneer 
story is somewhat lost by the effort of the author to integrate the wider aspects of recent develop- 
ments in the physics of solids within the framework of a monograph on Electrical Contacts. 


G. Sa. 


Betriebssichere Gleitlager. Bevechnungsverfahren fiiy Konstruktion und Betrieb. (Reliable Sliding 
Bearings. Calculation Methods for Designers and Users) by G. VoGELPouL. (Springer-Verlag, 
Berlin-Géttingen-Heidelberg, 1958). 17 X 25 cm (6% X 10 in.); 315 pp., 169 figs. and 76 tables; 
DM. 46.50. 


The author has admirably succeeded in developing methods suitable for design calculations 
that, despite their simplicity, are firmly rooted in the modern, sometimes rather complicated 
theories of hydrodynamic lubrication. A typical example is provided by the ‘‘volume rule’”’ (which 
seems to be practically unknown outside the author’s country, Germany) for full-sleeve bearings, 
V1Z.: 

P=C. 7 Vol. n, 


where P, the load at which incipient contact occurs between the rubbing surfaces of the journal 
and the bearing, is expressed in a surprisingly simple manner in the viscosity, 7 (in centipoises), 
of the oil at the operating temperature, the volume, Vol. (in litres), enveloped by the bearing 
surface, and the rotational speed, m (in r.p.m.), of the journal. Verification for a great number 
of sleeve bearings, from the smallest to the largest sizes so far manufactured, showed that the 
constant C normally falls within a range, viz. 1 to 2, that is narrow enough for most design cal- 
culations. 

The concept of viscosity, with which many designers are not yet sufficiently familiar, is clearly 
explained as well as the influence of temperature on this lubricant property which, after all, is 
the main “‘structural’’ property needed in designing the oil film, the essential structural element 
of any sliding bearing to work under hydrodynamic conditions. 

Calculation methods simpler than most of those hitherto published are developed for predicting 
the steady temperature under stationary operating conditions. Nevertheless, the author’s methods 
may be deemed to be sufficiently accurate for any practical purpose. The data available in the 
literature on the dissipation of the friction heat generated in sliding bearings, are subjected to 
a critical analysis and selection. 

Fifty worked-out examples, representing actual practical experience, serve to illustrate the 
various design calculations. 

Attention is devoted not only to hydrodynamically, but also to hydrostatically lubricated bearings, 
the latter type of lubrication referring to that in which the pressures required in the lubricant 
film are created by pumping the lubricant, under a sufficiently high pressure, into the loaded 
portion of the film. This method of lubrication is particularly valuable, and accordingly finds 
ever-increasing applications in all those cases where hydrodynamic lubrication proves impossible 
e.g. because a high load is combined with a too low speed of the journal. 

Air-lubricated bearings, based on either the ‘‘aerodynamic”’ or “‘aerostatic’’ principle, are also 
dealt with. Owing to the low viscosity of air, the latter principle is realizable only when the load 
is low enough and journal speed sufficiently high (cf. the above ‘‘volume rule’’ which still applies 
as long as the effects of the compressibility of the air may be neglected). 

Allinall, this book can certainly be recommended, first of all, to those designers who want tohave 
modern and practicable methods for calculating sliding bearings at their disposal. After all, as 
the author remarks himself, text books and catalogues that are complete enough to supply infor- 
mation fora reliable calculation and choice of the various types of rolling bearings are not much less 
voluminous, nor much simpler. 

It is to be hoped that when the second edition is issued, knowledge about the performance and 
theory of dynamically loaded sliding will be so far advanced as to enable the author to develop 


practicable calculating methods also for such bearings. 
H. B. 
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Lubrication of Bearings, by F. T. BARWELL (Butterworths Scientific Publications, London, 1956). 
23 X 16cm; xii + 292 pp.; 163 fig.; 50 s. 


Kurz vor der Griindung dieser Zeitschrift erschien BARWELL’s Buch tiber die Schmierung von 
Lagern. Obwohl in der angelsachsischen Fachliteratur schon ausfiihrlich besprochen, scheint es 
niitzlich hier noch einmal auf den Inhalt fiir den deutsch sprechenden Leserkreis hinzuweisen, 
nicht zuletzt weil es in gewisser Hinsicht die Monographie von VOGELPOHL erganzt. 

Ergebnisse der Grundlagenforschung iiber Grenzschmierung und Verschleiss bilden zusammen 
mit den heutigen Auffassungen iiber Lagermetalle und Schmiermittel den Rahmen, der das Haupt- 
thema umgibt. ; 

Ausgehend von den klassischen Untersuchungen OSBORNE REYNOLDs’ wird die hydrodyna- 
mischen Theorie der Schmierung und ihre qualitative Bestatigung durch das Experiment behandelt. 
Reibung, Grenzschmierung, Verteilung des Olfilms im Lager und Warmestrémung sind Gegenstand 
zahlreicher Experimentalarbeiten, an denen der Verfasser und seine Mitarbeiter im ‘“‘Mechanical 
Engineering Research Laboratory’’ des D.S.I.R. einen wesentlichen Anteil haben. 

Eine kurzbiindige Darstellung der theoretischen Arbeiten und der Laboratoriumsergebnisse 
unterstreicht die fiir Konstruktion verschiedener Lagertypen wesentlichen Gesichtspunkte. 

Rechnungsgang und Zahlenwerte geben niitzliche Anhaltspunkte fiir Betriebsingenieure und 
Konstrukteure und vor allem auch — Anregung. cf 

. 9a. 


Notes on Contributors 


J. F. ARcHARD, Ph.D., F.Inst.P: born at Worthing, Sussex; B.Sc. (Honours, Physics) University 
College, Southampton, 1939. Served as a Signals and Radar Officer in the Royal Air Force from 
1940 to 1946, when he returned to Southampton to carry out postgraduate research in optics; 
in 1949 joined the Surface Physics Section of the A.E.I. Research Laboratory and has since 
published several papers on friction and wear. [See ps 22] 


C. St. C. Davison, Pu.D., M.Sc.: (for biographical note see Wear, r (1957/58) 164) [See p. 59] 


A. A. Mitng, B.A. (Cantab.): (for biographical note see Wear, r (1957/58) 75) 
[See p. 28] 


ERNEST RABiINowicz, B.A. (Cantab.), Ph.D.: was born in Berlin, Germany; is a graduate of 
Cambridge University, and received his B.A. in 1947 and his Ph.D. in 1950. Since then has been 
at M.I.T. where at present he is an assistant professor of mechanical engineering; has carried out 
research in the fields of friction, lubrication and wear. [See p. 4) 


2 

VLADIMIR SOLAJA: born in Zagreb, Yugoslavia, educated at the Grammar School in Zagreb, 
and at the University of Belgrade, Yugoslavia, graduating Dipl.-Ing. in mechanical engineering. 
Received his practical training at the Railway Works in Zagreb, the Steel-works ‘‘Vitkovice’’ in 
Czechoslovakia, and in the machine tool factory ‘‘Prvomajska’’ in Zagreb; was subsequently em- 
ployed as a tool designer and production engineer at the ball-bearing factory ‘“‘IKL’’, Belgrade, 
and as a designer in ‘‘MaSinoprojekt’’, Belgrade. In 1949 joined the teaching staff of the Faculty of 
Mechanical Engineering at the University of Belgrade, where he lectures on machine tools and 
production engineering; in 1952 spent five months in Great Britain visiting various institutions, 
and was elected an Associated Member of the Institution of Mechanical Engineers, London; in 
1956 was granted two years’ leave of absence from his Faculty and has been doing research work 
at the Wolverhampton and Staffs. College of Technology, Wolverhampton, England. Has published 


in Yugoslavia and Gt. Britain papers covering various aspects of production engineering, mainly 
problems of machining. [See p. 40] 
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